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I. INTRODUCTION 

This  f i f t h  Quar te r ly  Progress  Report desc r ibes  t h e  t e c h n i c a l  pro- 

g r e s s  achieved from 1 June 1969 through 30 August 1969 under NASA con- 

t r a c t  No. NASw-1726. S c i e n t i f i c  i n v e s t i g a t i o n  accomplished during t h i s  

r e p o r t i n g  per iod  r e s u l t e d  i n  t h e  genera t ion  of t h e  fol lowing papers sub- 

mi t ted ,  accepted and/or  publ ished i n  a c c r e d i t e d  s c i e n t i f i c  journa ls .  

Technical  Papers Submitted, Accepted and/or  Publ ished 

a.  Submitted: 

Carbon Atoms i n  t h e  Upper Atmosphere of 
Venus (F. Marmo and A. Engelman) 

b. Accepted: 

Line Broadening i n  Photoe lec t ron  Spec- 
troscopy (J .  A. R. Samson) 

ICARUS 

Rev. Sc i .  I n s t r .  

On t h e  Measurement of Rayleigh S c a t t e r i n g  J.  Quant. Spectrosc.  
( J .  A. R. Samson) & Radiat .  Transfer  

Vacuum U l t r a v i o l e t  Absorption Cross Sec t ions  J.  Chem. Phys. 
of CO, HCR, and I C N  between 1050 and 21008 
(J. Myer and J. Samson) 

c .  Publ ished:  

Elec t ron  Impact Exc i t a t i on  of t h e  
Dayglow (A. Dalgarno) 

+ 
Heats of Formation of CHO and C3H3 

+ 
by Photo ioniza t ion  (C. Matthews & P. Warneck) 

J .  Atmos. .Sc i .  
#4, 753 (1969). 

J. Chem. Phys. 

I n  Sect ion 11, t e c h n i c a l  summaries a r e  presented on the work performed 

during t h e  cu r r en t  r epo r t ing  period.  I n  compliance wi th  t h e  requirements 



of t h e  con t r ac t ,  a n  i n t e g r a t e d  t a b u l a t i o n  by labor  ca tegory  and grade of 

t o t a l  hours expended i n  t he  execut ion of t h e  c o n t r a c t ,  f o r  t h e  s p e c i f i e d  

r epo r t ed  time i n t e r v a l ,  i s  included i n  Sec t ion  111. 



11. SUMMARY OF TECXNICAL WORK PERFORMED FOR THE PERIOD 1 JUNE 1969 
THROUGH 30 AUGUST 1969 

The t e c h n i c a l  progress  accomplished during tk cur ren t  r epo r t ing  

period can be convenient ly descr ibed  i n  terms of t h e  two major ca t egor i e s  

contained i n  t h e  s tatement  of work: (A) labora tory  s t u d i e s ,  and (B) theo-  

r e t i c a l  s t u d i e s .  

A. LABORATORY STUDIES 

I n  accordance wi th  t h e  s u b j e c t  work s tatement  i t  i s  r equ i r ed  t o  

perform t h e  fol lowing labora tory  i n v e s t i g a t i o n s  on s e l e c t e d  p l ane ta ry  

atmospheric gases:  (1) an assessment on t h e  p r e c i s e  de te rmina t ion  of ion- 

i z a t i o n  p o t e n t i a l s  of molecules, and (2)  ion  molecule r e a c t i o n s  i n  hydro- 

carbon systems. The r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  a r e  b r i e f l y  d iscussed  

below. 

(1) I o n i z a t i o n  P o t e n t i a l s  of Molecules 

P rec i se  va lues  f o r  t he  i o n i z a t i o n  p o t e n t i a l s  of molecules a r e  essen-  

tial f o r  an accu ra t e  d e s c r i p t i o n  of t h e  s t a t e  of i on iza t ion  of a p l ane t -  

a r y  atmosphere. For example, u n t i l  r e c e n t l y  t h e  ionization p o t e n t i a l  of 

0 was taken t o  be 1026.5 f 1 8. With t h i s  e r r o r  l i m i t  i s  was ques t ion-  2 

a b l e  whether t h e  i n t e n s e  s o l a r  l i n e  of hydrogen a t  1 0 2 5 . 7 2 8  could ion ize  

0 i n  t h e  e a r t h ' s  atmosphere. This  problem was reso lved  under t h e  present  2 

program (GCA Technical  Report No. 65-30-N) ; a va lue  of 1027.8 - + 0. lf? 

be ing  ob ta ined .  



The most p r e c i s e  method f o r  ob ta in ing  t h e  i o n i z a t i o n  p o t e n t i a l  of a  

gas i s  t h e  spec t roscopic  method. A s e r i e s  of Rydberg s t a t e s  must be iden- 

t i f i e d  and t h e  l i m i t  of such a  s e r i e s  g ives  t h e  so -ca l l ed  "ad iaba t ic"  

i o n i z a t i o n  p o t e n t i a l .  That i s ,  t h e  energy of t h e  s e r i e s  l i m i t  r e p r e s e n t s  

t h e  energy between t h e  ground s t a t e  of t h e  molecule (with v" = 0 and J" = O), 

and t h e  s p e c i f i c  e l e c t r o n i c  s t a t e  of t h e  ion  (v '  = 0 and J '  = 0).  The 

Rydberg formula i s  

T (n) = T (03) - 
0 0 

where T (n) i s  t h e  observed term va lue  o r  wavenumber of t h e  nth Rydberg 
0 

s t a t e .  The s u b s c r i p t  ze ro  r e f e r s  t o  a  t r a n s i t i o n  t o  v '  = 0. To(m) i s  t h e  

l i m i t  of t h e  s e r i e s  n  -t m and r e p r e s e n t s  t h e  removal of  an  e l e c t r o n ,  

t h a t  is, t h e  i o n i z a t i o n  p o t e n t i a l  of t he  molecule. The q u a n t i t y  6 i s  c a l l e d  

t h e  quantum de fec t  and r e p r e s e n t s  t h e  d e v i a t i o n  of t h e  molecular Rydberg 

s e r i e s  from t h e  i d e a l  c a s e  of a tomic hydrogen. The cons t an t  109737 cm-L 

i s  t h e  Rydberg cons t an t  f o r  an  i n f i n i t e  mass (R,). The most p r e c i s e  

va lue  of t h i s  cons t an t  i s  given by Cohen, e t  a l .  a s  

This  va lue  d i f f e r s  by 0.007 cm-I from t h e  1941 va lue (2 )  and by 0.001 cm-' 

from t h e  1955 va lue .  (3) This  dev i a t i on  i s  i n s i g n i f i c a n t  and does n o t  

a f f e c t  t h e  s e r i e s  l i m i t s  p rev ious ly  published. The main e r r o r  i n  d e t e r -  

mining t h e  s e r i e s  l i m i t  l i e s  i n  t h e  a b i l i t y  t o  measure t h e  term va lues  

- 1 
T (n)  accu ra t e ly .  E r ro r s  i n  T (n)  t y p i c a l l y  l i e  between 1 and 100 cm . 

0 0 



Although spec t roscopic  va lues  provide t h e  most p r e c i s e  va lues  of t h e  

i o n i z a t i o n  p o t e n t i a l  l a r g e  e r r o r s  have been propagated i n  t h e  l i t e r a t u r e  

because an  au thor  w i l l  o f t e n  t ake  t h e  wavelength of a  s e r i e s  l i m i t  ex- 

pressed i n  e l e c t r o n  v o l t s  from t h e  o r i g i n a l  pub l i ca t ion  and convert  th i s  

va lue  t o  a  wavelength expressed i n  angstroms. Unfortunately,  t h e  conver- 

s ion  f a c t o r  used i n  t h e  o r i g i n a l  pub l i ca t ion  i s  genera l ly  d i f f e r e n t  from 

t h a t  used by a  l a t e r  au thor  t o  convert  e l e c t r o n  v o l t s  back t o  angstroms. 

In  some cases  a n  au thor  may r e p o r t  h i s  r e s u l t s  i n  e l e c t r o n  v o l t s  bu t  

omit record ing  h i s  conversion f a c t o r .  It i s  perhaps u s e f u l  then  t o  t ab -  

u l a t e  t h e  va r ious  va lues  of t h i s  conversion f a c t o r  a s  i t  has appeared i n  

t h e  p a s t  ( s ee  Table 1) .  

Another spec t roscopic  technique used f o r  t h e  determinat ion of ion- 

i z a t i o n  p o t e n t i a l s  i s  t h e  c y c l i c  method, namely, 

+ I (AB) = I (A) + D o  (AB) - Do (AB ), 

I (AB) = I '  (AB) - hv (emission) 

where I (AB) r ep resen t s  t h e  f i r s t  i o n i z a t i o n  p o t e n t i a l  of t h e  molecule 

AB, I' (AB) r e p r e s e n t s  a  h igh  i o n i z a t i o n  p o t e n t i a l ,  and I (A) i s  t h e  

+ i o n i z a t i o n  p o t e n t i a l  of t h e  atom A .  D (AB) and D (AB ) a r e  t h e  d issoc-  
0 0 

i a t i o n  energ ies  of t h e  n e u t r a l  molecule and of t h e  ion, r e s p e c t i v e l y ,  



TABLE 1 

Conversion F a c t o r  t o  Convert E l e c t r o n  V o l t s  t o  Angstroms 

a s  r e p o r t e d  s i n c e  1929 

vx (ev 8) Year Reference 

12336.1  - + 5.00 19 29 a 

12395.4 f 2.10 194 1 b 

12397.80 - + 0.50 1953 c 

12397.67 - + 0 .22  1955 d 

12398.10 1- 0.13 1965 e 

(a )  R. T. Birge ,  Revs. Mod. Phys. 1, 1 (1929) 

(b) R. T. B i rge ,  Revs. Mod. Phys. - 13, 233 (1941). 

( c )  J. W. Me DuMond and E. R. Cohen, Revs. Mod. Phys. 25, 691  (1953). 

(d)  E. R. Cohen, J. W. M. DuMond, T. W.  Layton and J. S. R o l l e t ,  Rev. 
Mod. Phys. - 27, 363 (1955). 

( e )  E. R. Cohen and J .  W. M. DuMond, Revs. Mod. Phys. - 37, 537 (1965). 



whi l e  hv (emission)  r e p r e s e n t s  t h e  energy of the r a d i a t i o n  observed i n  

emission of t h e  (0,O) t r a n s i t i o n  between t h e  e l e c t r o n i c  s t a t e s  of t h e  

ion  represen ted  by I (AB) and I '  (AB) .  Equations ( 2 )  and (3)  a r e  dep ic t ed  

schemat ica l ly  i n  F igure  1. 

It i s  no t  always p o s s i b l e  t o  i d e n t i f y  Rydberg s e r i e s  i n  an  absorp-  

t i o n  spectrum. For  example, no such s e r i e s  has  y e t  been observed lead ing  

t o  t h e  f i r s t  i o n i z a t i o n  p o t e n t i a l  of 0 This  i s  p a r t i c u l a r l y  t r u e  f o r  
2' 

h ighe r  i o n i z a t i o n  p o t e n t i a l s  of more complex molecules.  Where no spec t ro -  

s cop ic  va lues  e x i s t  t h e  technique of e l e c t r o n  and photon i o n i z a t i o n  h a s  

proved extremely va luab le  i n  providing i o n i z a t i o n  p o t e n t i a l s .  Fu r the r ,  

t h e  e l e c t r o n  and photon impact method has  provided checks on t h e  r e a l i t y  

of Rydberg s e r i e s  l i m i t s .  

A c r i t i c a l  review of t h e  NO molecule i s  given below. The p r e f e r r e d  

ene rg i e s  of t h e  f i r s t  and h igh  ionization p o t e n t i a l s  of NO a r e  t abu la t ed .  

Owing t o  t h e  complex abso rp t ion  spectrum of n i t r i c  oxide, i t  i s  

d i f f i c u l t  t o  observe a Rydberg s e r i e s  lead ing  t o  t h e  f i r s t  i o n i z a t i o n  

p o t e n t i a l  of t h e  molecule. 

E lec t ron  impact methods were t h e  f i r s t  t o  be used t o  determine t h e  

f i r s t  i o n i z a t i o n  p o t e n t i a l  of n i t r i c  oxide. Values ranged from 9.4 eV t o  

t h e  m r e  a c c u r a t e  va lue  of 9.25 eV. (4-6 



Figu re  1. P o t e n t i a l  energy curves f o r  t h e  molecule AB i l l u s t r a t i n g  t h e  
energy r e l a t i o n s  used i n  determining t h e  i o n i z a t i o n  p o t e n t i a l  
(I (AB) of t h e  molecule. Zero energy i s  taken a t  t h e  v = 0 v i b r a -  
t i o n a l  l e v e l  of t h e  ground s t a t e  of AB. 



The e a r l i e s t  de te rmina t ion  of t he  f i r s t  i o n i z a t i o n  p o t e n t i a l  using 

t h e  technique of photo ioniza t ion  was by Watanabe, e t  a l e  (7 )  They r epor t ed  

a  va lue  of 9.20 eV. More accu ra t e  measurements by ~ a t a n a b e " )  and by 

Nicholson(g) gave va lues  of 9.253 eV i 20 mV and 9.250 eV 2 5 mV, r e -  

spec t ive ly .  

A va lue  of 9.267 eV - + 5 mV i s  obtained from t h e  c y c l i c a l  method 

us ing  t h e  d i f f e r e n c e s  i n  va r ious  term va lues  determined spec t roscop ica l ly .  

Baer and Miescher (10'11) and Tanaka ( I 2 )  observed a n  emission system of 

1 
NO f  rom t h e  A 11 s t a t e  t o  t h e  ground X ',X+ s t a t e  of t h e  ion. Both groups 

- 1 
gave a  va lue  of 73083.9 cm f o r  t h e  energy sepa ra t ion  between t h e  v = 0 

l e v e l s  of each s t a t e .  Subt rac t ing  t h i s  va lue  from t h e  energy of t he  A 'II 

s t a t e  above the  ground s t a t e  of t h e  molecule a s  determined by Tanaka (13) 

and Huber ( I4 )  we g e t  9.216 eV and 9.267 eV, r e s p e c t i v e l y .  

As mentioned a t  t h e  beginning of t h i s  d i scuss ion ,  t h e  absorp t ion  

spectrum of NO i s  complex. However, a  Rydberg s e r i e s  has  f i n a l l y  been 

i d e n t i f i e d  by Dres s l e r  and Miescher ( I5 )  lead ing  t o  t h e  f i r s t  ion iza t  ion  

p o t e n t i a l .  A va lue  of 9.266 eV - + 8 mV was obtained and is  considered 

t o  be the  most a c c u r a t e  va lue .  Miescher has  observed two o the r  Rydberg 

s e r i e s  which a l s o  approach t h e  above l i m i t i n g  va lue .  (16) 

The reason f o r  t h e  apparent  discrepancy between spec t roscopic  and 

photo ioniza t ion  va lues  of t he  f i r s t  i on i za t ion  p o t e n t i a l  i s  t h a t  i n  t h e  

photo ioniza t ion  technique t h e  i o n i z a t i o n  p o t e n t i a l  i s  usua l ly  taken a s  

t h e  energy a t  which t h e  f i r s t  ions appear.  In  t h e  case  of n i t r i c  oxide, 

however, t h e  n e u t r a l  molecules e x i s t  no t  only i n  t he  ground X 2 ~ 1 , 2  s t a t e ,  



but  some e x i s t  i n  t h e  X "II s t a t e  which l i e s  0.015 eV above t h e  ground 
3/2 

s t a t e .  A t  room temperature (300 '~)  t h e r e  should be 1 .8  t imes a s  many 

molecules i n  t he  exc i t ed  s t a t e  a s  e x i s t  i n  t h e  ground s t a t e .  Since d i r e c t  

photo ioniza t ion  takes  p l ace  f o r  molecules i n  both s t a t e s ,  t h e  appearance 

p o t e n t i a l  of ions  i s  lowered by 0.015 eV. The populat ion of r o t a t i o n a l  

s t a t e s  f u r t h e r  decreases  t h e  appearance p o t e n t i a l  by 0.003 eV, according 

t o  Dress le r  and Miescher. ( I5 )  Thus, t h e  photo ioniza t ion  va lues  should be 

about  0.018 eV lower than  t h e  spec t roscopic  va lues ;  and t h i s  i s  indeed 

t h e  case.  

Higher i o n i z a t i o n  p o t e n t i a l s  have been obtained spec t roscop ica l ly  (13,141 

and by t h e  technique of photoe lec t ron  spectroscopy. (17-19) Three Rydberg 

s e r i e s  have been i d e n t i f i e d  and c a l l e d  by Tanaka t h e  a, p, and y s e r i e s  

converging t o  l i m i t s  of 14.226, 16.563, and 18.316 eV, r e spec t ive ly .  How- 

ever ,  t h e  a s e r i e s  i s  not  confirmed by photoelectron spectroscopy and 

must be considered t o  be  i n  e r r o r .  Huber (20) has  at tempted t o  c l a s s i f y  

f 
t h e  exc i ted  e l e c t r o n i c  s t a t e s  of NO whi le  Lefebvre-Brion and Moser (21) 

have predic ted  t h e  order  of t h e  s t a t e s  using approximate Hartree-Fock 

o r b i t a l s  f o r  t h e  ground s t a t e  of t he  ion. 

Table 2 l is ts  t h e  p re fe r r ed  i o n i z a t i o n  p o t e n t i a l s  of NO expressed 

i n  u n i t s  of r e c i p r o c a l  cen t imeters ,  angstroms, and e l e c t r o n  v o l t s .  The 

spec t roscopic  va lues  obtained by Huber f o r  t h e  @ and 7 s e r i e s  l i m i t  a r e  

l i s t e d  because of t h e i r  consis tency wi th  t h e  Baer-Miescher bands t o  pro- 

v i d e  a  f i r s t  i o n i z a t i o n  p o t e n t i a l  i n  agreement wi th  t h e  Rydberg a n a l y s i s  

of Dress le r  and Miescher. 



TABLE 2 

FIRST AND HIGHER I O N I Z A T I O N  POTENTIALS OF N I T R I C  OXIDE 

Ionizat ion Po ten t ia l  

S ta te  (cm-l) (8 > (ev) References 

S = Spectroscopy 

PE = Photoelectron Spectroscopy 



From spec t roscopic  observa t ions ,  it i s  known t h a t  t h e  Jovian 

p l a n e t s  conta in  app rec i ab le  amounts of methane and ammonia i n  t h e i r  

atmospheres, i n  a d d i t i o n  t o  hydrogen and helium. McNesby (22) r e c e n t l y  

has  s t u d i e d  t h e  photochemistry of such a  system and has  shown t h a t ,  wi th  

hydrogen i n  excess,  t h e  f i r s t  o rder  photodissoc ia t ion  products  of methane 

and ammonia e s s e n t i a l l y  recombine, r e s u l t i n g  i n  no n e t  change of t h e  

system except t o  h e a t  t h e  atmosphere. Nevertheless ,  a  smal l  amount of 

h igher  hydrocarbons would be formed a s  a  second o rde r  pe r tu rba t ion .  For  

example, Sagan (23) has argued f o r  t h e  formation of adenine  and o t h e r  amino 

products .  With t h i s  background, i t  becomes of i n t e r e s t  t o  i n v e s t i g a t e  

i on reac t ions  involving hydrocarbons. A g r e a t  numberaf such r e a c t i o n s  has  

been s tud ied  i n  t h e  p a s t  wi th  convent ional  e l e c t r o n  impact mass spec t ro-  

meters.  With t h e  app l i ed  techniques,  t h e s e  i n v e s t i g a t i o n s  have been com- 

p l i c a t e d  by t h e  many ions  produced s imultaneously i n  t h e  ion  source,  and 

t h e i r  r e a c t i o n s  wi th  t h e  parent  gas. It appears ,  t h a t  t h e  photo ioniza t ion  

mass spectrometer  technique, by v i r t u e  of t h e  s e l e c t i v e  i o n i z a t i o n  pro- 

ce s ses  involved, can reduce t h e  complexi t ies  of t h e  r e a c t i o n  system 

s u f f i c i e n t l y  t o  a l low a l e s s  ambiguous a n a l y s i s  of t h e  da t a .  

On t h i s  b a s i s ,  we have s tud ied  ion  r e a c t i o n s  i n  t h e  systems ethylene-  

ace ty lene ,  acetylene-methane and methane-ethylene. The r e s u l t s  have 

a l r e a d y  l ed  t o  some i n t e r e s t i n g  conclusions,  a l though a l l  t h e  da t a  have 

no t  y e t  been analyzed, and a  d e t a i l e d  eva lua t ion  of t hose  d a t a  which have 

been analyzed has  not  y e t  been poss ib l e .  The r e s u l t s  p re sen t ly  a v a i l a b l e ,  

and t h e i r  impl ica t ions  w i l l  be d iscussed  below. 



The techniques employed i n  t h i s  s tudy  have been descr ibed  i n  d e t a i l  

p rev ious ly .  (24) B r i e f l y ,  t h e  appara tus  involved a 180 degree magnetic mass 

spec t rometer  wi th  convent iona l  ion  source  geometry and e l e c t r o n i c  mu l t i -  

p l i e r .  Ions  a r e  produced by extreme W r a d i a t i o n  generated i n  a  r e p e t i t i v e  

spark  l i g h t  source.  A Seya monochromator provides  wavelength i s o l a t i o n  

w i t h  a  s p e c t r a l  r e s o l u t i o n  of about  521. The l i g h t  beam t r ansve r sed  t h e  

i o n  chamber midway between t h e  r e p e l l e r  p l a t e  and t h e  ion  e x i t  o r i f i c e  

which were placed 0.6 cm a p a r t .  The r e p e l l e r  p o t e n t i a l  was one v o l t .  The 

gas  p re s su re  i n  t h e  i on  source  was measured wi th  a  McLeod gauge through 

t h e  hollow stem of  t h e  r e p e l l e r .  

React ions were i n v e s t i g a t e d  i n  t h e  low p re s su re  domain where t h e  

motion of  i ons  i s  mainly a c c e l e r a t i o n  i n  t h e  r e p e l l e r  f i e l d .  Products  

were a s se s sed  from t h e  appearance of new peaks as t h e  p re s su re  i n  t h e  i o n  

chamber was r a i s e d .  Rate c o e f f i c i e n t s  were determined from t h e  decrease  

of t h e  primary ion  i n t e n s i t y  a s  a  function of t h e  gas  pressure ,  o r  a s  a  

func t ion  of t h e  p a r t i a l  p r e s su re  of a n  added second gaseous component; 

and from t h e  r e s idence  t ime of t h e  primary ions  i n  t h e  source  chamber. 

Residence t i m e s  were determined from t h e  t ime  de lay  of t h e  ion pu l se  

a r r i v i n g  a t  t h e  mass spectrometer  c o l l e c t o r  a f t e r  t h e  depos i t i on  of i ons  

i n  t h e  sou rce  by t h e  l i g h t  pulse .  A s  descr ibed  prev ious ly ,  de l ay  times 

were measured f o r  s e v e r a l  r e p e l l e r  p o t e n t i a l s  and a  g r a p h i c a l  ex t r apo la -  

t i o n  toward i n f i n i t e  r e p e l l e r  p o t e n t i a l  i s  used t o  s e p a r a t e  t h e  i on  

source  r e s idence  t ime from t h e  t o t a l  f l i g h t  t i m e  of t h e  ions  i n  t h e  mass 

spec t rometer .  I n  t h e  p re sen t  experiments t h e  h a l f - r i s e  time of t h e  

i n t e g r a t e d  i on  pu l se  was u t i l i z e d  f o r  r e f e r ence  i n  t h e  de lay  t ime 

measurements s o  t h a t  averaged r e s idence  t imes were obtained.  



In  the  following, r e s u l t s  w i l l  be presented fo r  ion-molecule react ion 

i n  ethylene, acetylene, and t he i r  mixtures. A t  ionizing wavelengths above 

945 8, up to  the ionizat ion threshold, the primary photoionization products 

+ 
i n  both ethylene and acetylene a r e  the parent ions C H + and C2H2 , 

2 4 

respectively, and other ions a re  formed only by secondary react ions  of 

these ionic  species. I n  the  wavelength region 900-945 g, photoionization 

of acetylene s t i l l  y ie lds  only the parent ion, whereas t ha t  of ethylene 

produces C2H2+ i n  addit ion t o  C2H4+. This l a t t e r  wavelength region thus 

f a c i l i t a t e s  a study of the reactions of C H + with ethylene i n  the absence 
2 2 

of in terference by acetylene. The present invest igat ion made use of 

radia t ion a t  10878 and 9238 both provided by operating the spark source 

with nitrogen. 

The development of the ion spectrum with pressure when acetylene i s  

ionized a t  10878 i s  shown i n  Figure 2. The important product ions appear 

a t  mass numbers 50, 51 and 52. The react ion paths responsible f o r  the 

production of these ions are  

+ 
C2H2 + C2H2 

-r C H + + products 4 2 

C4H3+ + products 

+ C~H: 
I - = - - -  - -  - -  

-I 

A t  pr:ssures below 10 microns, the product r a t i o s  a re  found t o  be constant. 

The determination of the average values f o r  the branching r a t i o s  of reac- 

Lt + 
t i o n  (4) gave 29% f o r  the formation of C4H2 , 66% fo r  c ~ H ~ +  and 5% fo r  

C4H4+. The pressure dependence f o r  the formation of the l a s t  ion i s  such 



ACETYLENE PRESSURE (microns) 
Figure 2. Intensities of major ions in acetylene as a function of pressure. 

Ionizing wavelength 1087K 

15 



t h a t  i t  precludes the  p a r t i c i p a t i o n  of the  t h i r d  c o l l i s i o n  partner.  

T h  formation of C H + i n  a binary c o l l i s i o n  i s  possible only i f  the  
4 4 

l i f e t ime  of the intermediate c o l l i s i o n  complex i s  s u f f i c i e n t l y  long, 

so t h a t  the c o l l i s i o n  complex i s  s t a b i l i z e d  by subsequent c o l l i s i o n s  

regardless  of the pressure. Since the  product branching r a t i o  does not 

depend on the  pressure, it must f u r t h e r  be concluded t h a t  the o the r  two 

products r e s u l t  from the  same process a s  C H 
+ 

4 4 ' Thus, the de ta i l ed  

w r i t t e n  a s  

mechanism of react ion (4) i n  the inves t igated  pressure domain can be 
- 

f +* 
C2H2 + C2H2 -, C4H4 

where the  a s t e r i c  denotes (v ibra t ional ly)  excited species. The present  

r e s u l t s  conta in  no information on the f a t e  of the  neu t ra l  products i n  
\-, 

reac t ion  (4b), but a poss ib le  course i s  t h e i r  d i s soc ia t ion  t o  y i e l d  H 2 

o r  H and acetylene. 

A t  pressures g rea te r  than 10 microns, t h e  r a t i o  of products M50/~51 

decreases and new ions appear a t  mass numbers 74, 75 and 76 due t o  the  

react ions  



4- + 
of these,  r e a c t i o n  (5) predominates, producing C6H2 and C H ions  i n  

6 3 

approximately equal  amounts. The sum of a l l  the  observed ion  i n t e n s i t i e s ,  

i . e .  t h a t  of t he  ace ty lene  and t h a t  of the  va r ious  product ions ,  was 

found d i r e c t l y  p ropor t iona l  t o  the  ace ty lene  pressure ,  i n d i c a t i n g  t h a t  

r eac t ions  4 through 7 account f o r  e s s e n t i a l l y  a l l  the i ons  observed and 

f u r t h e r  r eac t ions  a r e  n e g l i g i b l e .  The r a t e  c o e f f i c i e n t  f o r  r e a c t i o n  (4) 

inc luding  a l l  i t s  channels  can  be derived from the  decrease  of the  

C H + i o n  i n t e n s i t y  a s  a func t ion  of pressure  from the  r e l a t i o n  2 2 

k . ; A  log No - 
T n N 

+ 
where T i s  t he  average res idence  time of C H i n  the  i o n  source, n the  2 2 

number dens i ty  of ace ty lene  i n  t he  source, N i s  the  sum of a l l  ions  
0 

+ 
taken equal  t o  t he  i n i t i a l  C2H2 i o n  i n t e n s i t y  and N i s  t h e  measured 

+ 
C2H2 i o n  i n t e n s i t y .  The average va lue  of t he  r a t e  c o e f f i c i e n t  thus  

-9 
determined f o r  r e a c t i o n  (4) i s  k = 1.39 x 10 cc/molecule sec. The 1 

value  expected on the  b a s i s  of t he  i o n  induced d i p o l e  i n t e r a c t i o n  theory 

-9 
i s  kl ( theor . )  = 1.29 x 10 cc/molecule sec.  The experimental  r a t e  

c o e f f i c i e n t  i s  found t o  ag ree  wi th  t h e  t h e o r e t i c a l  one w i t h i n  experi-  

mental e r r o r ,  

S imi la r  r e s u l t s  were obtained f o r  i on  r e a c t i o n s  i n  ace ty lene  when 

the  photoionizing wavelength was 9238. Again, C H + was the  only 
2 2 

primary ion  observed, and r e a c t i o n  (4) wi th  i t s  t h r e e  channels  was the  

+ 
major l o s s  process  f o r  C2H2 . The r a t i o  of product channels  was 

+ 
determined a s  C H 29%, C ~ H ~ '  67%, c4H4+ 4%. Within experimental e r r o r ,  

4 2 

t hese  va lues  a r e  t he  same a s  those given above f o r  t he  r e a c t i o n  when 

working wi th  1087a r a d i a t i o n .  Moreover, the  a s soc i a t ed  r a t e  c o e f f i c i e n t  



-9 
was found t o  be k = 1.38 x 10 cc/molecule sec .  This value agrees  we l l  

1 

wi th  the  value given above, and l i k e  t h a t  one i s  i n  accord wi th  t h e o r e t i c a l  

p red ic t ion ,  These r e s u l t s ,  t he re fo re ,  show t h a t  the  ace ty lene  i o n  formed 

a t  9238 behaves i d e n t i c a l l y  t o  t h a t  formed a t  1087g, even though i t  may 

be produced wi th  some i n t e r n a l  e x c i t a t i o n .  

The development of t he  spectrum of the major ions  wi th  pressure  when 

e thy lene  i s  ion ized  a t  108713 i s  shown i n  Figure 3 . The s i g n i f i c a n t  

product i ons  appear a t  mass numbers 41 and 55. They a r e  due t o  t h e  r eac -  

t i o n  

The branching r a t i o  of t h i s  r e a c t i o n  i s  found t o  r e s u l t  t o  90% i n  

+ 
C3H5 

ions,  and t o  10% i n  C 
+ 

4H7 ions .  A t  p r e s su re s  above about 10 microns, 

t h i s  r a t i o  i s  per turbed by t h e  s t rong  inc rease  of a  t e r t i a r y  product a t  

mass 69 due t o  t h e  condensat ion r e a c t i o n  

+ + 
which consumes the  C H i ons  formed i n  r e a c t i o n  ( 4 ) .  The C 4 T  i o n  

3 5 

formed i n  t h e  reac t ion(25)  a l s o  undergoes f u r t h e r  r e a c t i o n s  but  these  a r e  

s i g n i f i c a n t  only a t  p ressures  g r e a t e r  than 30 microns and even then  t h e i r  

c o n t r i b u t i o n  t o  the  t o t a l  i o n  abundance i s  small .  Contr ibut ions 

t o  t he  t o t a l  i on  spectrum were observed a l s o  on mass numbers 42 and 70, 

but  they were too small  t o  be taken i n t o  account i n  a  meaningful way. 

However, they a r e  observed wi th  higher  i n t e n s i t y  i n  t he  photo ioniza t ion  

of e thylene  a t  9238 and w i l l  be discussed f u r t h e r  below. 





+ 
As i n  ace ty lene ,  an  a s s o c i a t i o n  product,  C4H8 , was found i n  

the photo ioniza t ion  of e thylene.  However, compared t o  the behavior a t  

the  mass 54 i o n  i n  acetylene,  t he  a s s o c i a t i o n  product i n  e thylene  

showed a d i f f e r e n t  pressure  dependence. Figure Lb i n d i c a t e s  t h a t  the 

r a t i o  of the  i n t e n s i t y  of the mass 56 ion  t o  the t o t a l  product ion  

i n t e n s i t y  i s  no t  cons t an t  bu t  i nc reases  wi th  pressure .  The dependence 

on pressure  i s  l i n e a r  and the  s t r a P g h t  l i n e  obtained e x t r a p o l a t e s  t o  t he  

o r i g i n  of the  p l o t ,  This i s  evidence t h a t  i n  c o n t r a s t  t o  the  ace ty lene  

case,  the  a s s o c i a t i o n  product of t he  e thylene  i o n  i s  formed by a  t h i r d  

body r e a c t i o n  

The r a t e  c o e f f i c i e n t  f o r  r e a c t i o n  (7) was determined from the  decay of  

the  C H ' i o n  i n t e n s i t y  compared t o  t he  t o t a l  i on  i n t e n s i t y .  A va lue  of 
2 4  

k4 = 1.24 x l o m 9  cc/molecule sec  was obtained.  The r a t e  c o e f f i c i e n t  

ca l cu la t ed  from t h e  induced d ipo le  moment theory i s  k  ( theor . )  = 1.29 x 
4 

-9 
10 . A s  f o r  t he  previous cases ,  t h e  agreement between the  experimental  

and the  t h e o r e t i c a l  va lues  i s  good. From the  r a t e  c o e f f i c i e n t  a s soc i a t ed  

wi th  r e a c t i o n  (7) and t h e  da t a  shown i n  Figure 4 the  r a t e  c o e f f i c i e n t  

2  2 
f o r  r e a c t i o n  (9) can  be derived a s  kg = 1.5 x cc /molecule sec.  

The magnitude of t h i s  va lue  i n d i c a t e s  t h a t  t he  average l i f e t i m e  of t he  

in te rmedia te  c o l l i s i o n  complex before i t  i s  s t a b i l i z e d  by a  t h i r d  body 

- / 
c o l l i s i o n  i s  approximately 1 x 10 seconds. Since t h i s  r a t e  c o e f f i c i e n t  

i s  der ived from a product i n t e n s i t y  r a t h e r  then  the  primary i o n  i n t e n s i t y  

decrease,  i t  i s  probably not  a s  r e l i a b l e  a s  the  o the r  r a t e  c o e f f i c i e n t s .  

Nevertheless,  the  implied order  of magnitude makes r e a c t i o n  (9) one of 



EnE9YLENE PRESSURE (microns) 

F i g  4 ILatio of Mass 56 i on  i n t e n s i t y  t o  t o t a l  product  ion  i n t e n s i t y  
i n  ethylene as  a func t i on  of p ressure .  I o n i z i n g  wavelength 
10872: s o l i d  p n t n t e ;  9238: open p o i n t s .  



the  most rapid termolecular ion reactions. Gordon and Ausloos, (25) from 

s tudies  of the photolysis  of ethylene a t  10481668 had concluded t ha t  f o r -  

+ mation of the butenes i s  due mainly to  neu t ra l i za t ion  of the C H ion  4 8 

produced by react ion (9) .  

Since the primary ions formed by photoionization of acetylene and 

ethylene with 10872 rad ia t ion  are  only the parent ions of these gases, 

and t h e i r  reactions have been established by the r e s u l t s  reported above, 

i t  was of i n t e r e s t  t o  look f o r  addit ional  reactions of these species 

i n  a mixture of ethylene and acetylene. Specifically,  charge t rans fe r  

from the acetylene ion  t o  ethylene was expected t o  occur, as  i t  i s  an 

exothermic process. I n  these experiments, therefore, acetylene was entered 

i n t o  the ion source chamber a t  a fixed r a t e  providing a p a r t i a l  pressure 

of 3.8 microns, and ethylene was added i n  varying amounts a t  p a r t i a l  

pressures up t o  8 microns. I n  t h i s  pressure range, the ion i n t e n s i t i e s  

due to  ethylene and i t s  react ion products a t  mass number 28, 41 and 55 

f i t t e d  well with the i n t ens i t y  curves shown i n  Figure 3 fo r  pure ethylene 

so t ha t  the ethylene ions must react  l i t t l e  o r  not a t  a l l  with acetylene. 

The acetylene ion i n t ens i t i e s ,  however, decreased considerably with 

increasing ethylene pressure a s  shown i n  Figure 5a indicat ing the occur- 

rence of an in teract ion.  A t  the same time new peaks appeared a t  mass 

numbers 39 and 53. Thus the react ion 



PARTIAL PRESSURE OF ETHYLENE (microns) 
Figure  5. Photo ioniza t ion  of ace ty lene-e thylene  mixture a t  10871. In t en -  

s i t i e s  of primary and product ions  when e thy lene  is added t o  
3 . 8  microns of ace ty lene .  (a )  Loss of C H + and ga in  of C H -I- 

3 -? and t o  show t h e i r  equivalence.  (b12 6omparison of CzHq 
and follow-on ion  i n t e n s i t i e s  ( c ros ses )  wi th  those  observed i n  

k- 
pure -- e thy lene  -- --- (po in t s )  t o  show .- ---- t h e i r  ---- equivalence.  - -  

U) 

PRESSURE OF E T H Y L E N E  (microns) 



i s  indicated. From the i n t ens i t y  d i s t r i bu t i on  of the ions M39 and M53 

+ 
the branching probabi l i ty  f o r  react ion 69 was obtained a s  C H 71% 3 3 

and c4H5+ 29%. The sum of the  i n t e n s i t i e s  of these products matched 

the losses  of the acetylene ions within the experimental e r ro r  (see 

Figure 5a) so t ha t  react ion (10) must be the major react ion t ha t  

acetylene ions undergo with ethylene. Several previous workers ( 26 ) have 

conclude~however,  tha t  charge t rans fe r  i s  a major react ion channel. 

To invest igate  t h i s  problem fur ther ,  the sum of the  i n t e n s i t i e s  of ions 

due c2H4+ and i t s  in te rac t ion  with ethylene a re  plot ted i n  Figure 5b 

f o r  ethylene i n  the presence of acetylene and fo r  ethylene alone. It i s  

evident t ha t  both s e t s  of data coincide, whereas i f  charge t rans fe r  took 

place t o  an appreciable extent, the t o t a l  ethylene ion i n t ens i t y  

should increase with increasing ethylene pressure. It may be agreed 
I 

t h a t  the l ack  of an increase i n  the ethylene ion i n t ens i t y  i s  due to  a 

react ion of these ions with acetylene and t h a t  charge t r ans f e r  i s  operative 

nonetheless. The probabil i ty f o r  t h i s  addit ional  react ion would be g rea tes t  

a t  low ethylene concentrations because then the concentration r a t i o  of 

I 

acetylene t o  ethylene is large. However, with increasing ethylene pressure 

the importance of t h i s  process diminishes i n  comparison with the i n t e r -  

ac t ion with ethylene, and the t o t a l  ethylene ion i n t ens i t y  should increase 

correspondingly. From the f a i l u r e  t o  de tec t  such an increase a t  the 

highest ethylene pressure involved ( c ~ H ~ / c ~ H ~  = 2), from the  i n t ens i t y  

losses  of the acetylene ions, and from the corresponding increase of the  

M39 and M53 ion i n t ens i t i e s  shown i n  Figure% i t  i s  estimated t h a t  the 

charge t rans fe r  reaction 



occurs  t o  l e s s  than 15 percent  of t h e  o v e r a l l  r e a c t i o n  of ace ty l ene  ions .  

f 
From t h e  decrease  of t h e  C2H2 ion  i n t e n s i t y  a s  t h e  e thylene  p re s su re  

i s  increased  and from t h e  measured r e s idence  time of t h e  ace ty l ene  ions  i n  

t h e  source chamber, t h e  r a t e  c o e f f i c i e n t  f o r  t h e  r eac t ion  (LO) and (ll) 

combined is  found t o  be k7% = 1.35 x lom9 cc/molecule sec.  The r a t e  

c o e f f i c i e n t  c a l c u l a t e d  from theory i s  k7% ( theor .  ) = 1 . 3 1  x cc/molecule 

s ec .  Within t h e  experimental  e r r o r  t h e  va lues  a r e  i d e n t i c a l .  

When e thylene  was photoionized w i t h  9232 r a d i a t i o n ,  t h e  major ion  

r e a c t i o n s  were found t o  be  r e a c t i o n s  (7) through (10) discussed  above, 

+ 
involv ing  t h e  primary ions  C ~ H ~  and C2H2. I n  accord wi th  expec ta t ion ,  t h e  

major product ions  appeared a t  mass numbers 41, 55, 56, and 69, and a t  

39 and 53 r e spec t ive ly .  However, some a d d i t i o n a l  r e a c t i o n s  occurred 

a l s o ,  a s  evidenced by s i g n a l s  on mass numbers 27, 29, 40, 42, 54, 67 and 

70. Although t h e  c o n t r i b u t i o n  of t hese  ions  amounted t o  no more than  7 

percent  of t h e  t o t a l  ion  i n t e n s i t y ,  t h e i r  assignment is  requi red  f o r  a 

complete i n t e r p r e t a t i o n  o f t k  r e s u l t s .  The M67 ion  is  taken t o  be  t h e  

+ 
condensation product of C3H3 w i th  e thylene ,  because i t  was p re sen t  a l s o  

i n  t h e  10872 photo ioniza t ion  of an  ace ty lene-e thylene  mixture when t h e  

e thy lene  p re s su re  exceeded 10 microns. The behavior of most of t h e  o t h e r  

i ons  i d e n t i f i e s  them a s  product ions .  By analogy t o  r e a c t i o n s  ( 7 j ,  ( 8 ) )  

and GO), t h e r e f o r e  t h e  s i g n a l s  on mass numbers 40 and 54 a r e  ass igned  t o  

products  of M27, and t h e  s i g n a l s  on mass numbers 42 and 70 a r e  ass igned  

t o  products  of t h e  ion M29. These assignments then reduce t h e  problem 

of t h e  minor ions  t o t h e  o r i g i n  of M27 and M29. The i n t e n s i t y  of t h e s e  



i ons  and t h e i r  follow-on products  i s  much g r e a t e r  than  t h e  expected 

i so tope  con t r ibu t ions  ine thylene  (main1 y  due t o  c13), so  t h a t  t h e  M27 

-t- 4- 
and M29 ions  must be i d e n t i f i e d  a s  C H and C2H5. The g ive  r i s e  t o  t h e  

2  3 

r e a c t  ions 

From t h e  M4O and M54 con t r ibu t ions  t h e  branching r a t i o  of t h i s  r e a c t i o n  

+ 
is  found t o  y i e l d  C3H4 t o  about 60 percent  and C H' t o  about 40 percent .  

4  6  

S imi la r ly ,  M42 and M70 a r e  due t o  

i n  analogy t o  r e a c t i o n s  (7)  and (8) t h e  branching r a t i o  of r e a c t i o n  (13) 

+ 
cannot be determined, because t h e  C H i on  on mass number 56 co inc ides  

4  8  

w i th  t h e  butene i o n  formed i n  r e a c t i o n  (9 ) .  It appears ,  however, from 

t h e  p re s su re  dependence of t he  M56 i n t e n s i t y  t h a t  t h e  con t r ibu t ion  of 

+ 
r e a c t i o n  (13) t o  t h e  mass 56 peak is almost n e g l i g i b l e ,  so t h a t  t h e  C3H6 

formation i n  r e a c t i o n  (13) must be t h e  predominant 

The M29 i o n  could be conceivably formed from a n  ethane impurity i n  

Ethylene, bu t  s i n c e  t h e  M30 peak was absent ,  t h i s  p o s s i b i l i t y  is  excluded. 

+ 
The n a t u r e  of t h e  C2H5 i on  i n d i c a t e s  t h a t  it i s  a  product  ion,  r a t h e r  

than a  primary ion .  However, t h e  p re s su re  dependence of t h e  sum of t h e  

i n t e n s i t i e s  of t h e  M29 sequence i s  f a i r l y  l i n e a r  a s  shown i n  F igure  6 ,  

whereas product i n t e n s i t i e s  should show a  quadra t i c  p re s su re  dependence 



OF ETHYLENE (microns) 

F i g m e  6- Su~nmed i n t e n s i t i e s  of mass 29 ion  ~ q u e n c e  (po in t s )  and mass 27 
i o i ~  sequence (open c i r c l e s )  a s  a  f u n c t i ~ n  of p re s su re  i n  t h e  
photo ioniza t ion  of e thylene  a t  9238. 



around t h e  o r i g i n  of t h e  p l o t ,  On t h e  o t h e r  hand, i t  may be r e c a l l e d  

t h a t  s i g n a l s  due t o  t h i s  ion  sequence, a l b e i t  small ,  were a l s o  de t ec t ed  

i n  t h e  10872 photo ioniza t ion  of e thylene.  Hence, it i s  reasonable  t o  

-I- 
assume t h a t  t h e  C H i o n  and t h e  follow-on ion  sequence i s  due t o  t h e  

2 5 

process  

+ 
The c l e a r e r  observa t ion  of C2H5 and i ts  r e a c t i o n  sequence a t  a wavelength 

of 9232 compared w i t h  10872, i s  mainly due t o  t h e  h igher  i n t e n s i t y  a v a i l -  

a b l e  wi th  t h e  l i g h t  source  combined wi th  a 3 t imes h igher  i o n i z a t i o n  

c r o s s  s e c t i o n  of e thy lene  a t  9232. An a d d i t i o n a l  f a c t o r  may be t h e  par -  

t i c i p a t i o n  of exc i t ed  e thylene  ions,  which according t o  a mass spec t ro -  

me t r i c  s tudy of Bo t t e r ,  e t  a 1  (27) can be  formed a t  wavelengths below 

about  10x02. A t  9232 a s  much a s  2/3 of t h e  t o t a l  ions  produced by photo- 

i o n i z a t i o n  may be  i n  a n  exc i t ed  s t a t e .  The q u a n t i t a t i v e  eva lua t ion  of 

t h e  da t a  shows t h a t  t h e  e thylene  parent  ion  r e a c t i o n s  (7) and (15) have 

t h e  fol lowing p r o b a b i l i t i e s :  8 3  percent  produce C H'. 11 percent  produce 
2 5 '  

+ 
c~H:; and 6 percent  produce C2H5. The product channel r a t i o  f o r  r e a c t i o n  

(7)  determined i n  t h i s  case  is  i n  reasonable  agreement wi th  t h a t  found 

f o r  t h e  same r e a c t i o n  i n  t h e  10872 photo ioniza t ion  of e thylene.  Any 

d i f f e r e n c e  beyond t h e  experimental  e r r o r  must be  a t t r i b u t e d  t o  t h e  pa r -  

t i c i p a t i o n  of exc i t ed  e thylene  ions.  

-I- 
The formation of butene ions  C H v i a  r e a c t i o n  (9 )  i s  shown i n  F igure  4 4 8 

i n  comparison t o  t h a t  determined a t  10872. A s  i n  t h a t  case,  a l i n e a r  

p re s su re  dependence is  observed f o r  t h e  i n t e n s i t y  r a t i o  a t  M56 t o  t h a t  

4- 
of a l l  o t h e r  C H product ions.  However, t h e  r a t e  of M56 formation i s  

2 6 

only about h a l f  t h a t  observed a t  10872. Again, t h i s  behavior i s  i n d i c a t i v e  



of  exc i t ed  e thylene  ions.  Due t o  t h e  a d d i t i o n a l  energy content ,  t h e  

c4J$collision complex would have a  s h o r t e r  l i f e t i m e ,  s o  t h a t  i t s  s t a b i l -  

i z a t i o n  by t h i r d  body c o l l i s i o n  i s  l e s s  e f f  i c i e n t .  

The o r i g i n  of t h e  M27 may now be discussed.  This  i on  is  not  be l ieved  

f 
t o  be  formed from C H i n  a  manner s i m i l a r  t o  M29, because t h e r e  is  no 2 6 

evidence f o r  M27 o r  t h e  follow-on ions  40 and 54 i n  t h e  photo ioniza t ion  

of e thylene  a t  10878. However, i n  a  mixture of a c e t y l e n e  and e thylene  

a t  t h e  same wavelength very  weak s i g n a l s  were observed a t  t h e  co r r e s -  

ponding mass numbers, i n d i c a t i n g  t h e  r e a c t i o n  

S ince  t h e  ion iz ing  energy a t  9238 lies only 0 .3  eV above t h e  threshold  

f 
of C H formation from ethylene,  t h e  ace ty l ene  ion  cannot c a r r y  much 2 2 

i n t e r n a l  energy and should behave similar t o  t h a t  formed from ace ty l ene  

+ 
a t  10872. However, a t  9238 t h e  formation of C2H3 according t o  r e a c t i o n  

(16) would be more pronounced due t o  t h e  h igher  ion  i n t e n s i t y ,  and because 

of t h e  absence of ace ty l ene  which d i v e r t s  a  cons iderable  p o r t i o n  of ace ty -  

l e n e  ions  t o  t h e  M50 and M51 products  due t o  r e a c t i o n  (4) .  F igu re  6 

shows a l s o  a  p l o t  of t h e  sum of M27 and follow-on ion  i n t e n s i t y  versus  

pressure .  The behavior  i s  s i m i l a r  t o  t h a t  of t h e  sum of M29 and follow-on 

ions ,  i . e .  t h e  p re s su re  dependence i s  more l i n e a r ,  than  one would expect 

f o r  a  secondary ion  sequence. It should be noted t h a t  i n  t h e  case  of t h e  

-I- f 
C H ion  (but  no t  f o r  t h e  C2H5 i on ) ,  t h e r e  may be a  smal l  con t r ibu t ion  t o  2 3 

i t s  i n t e n s i t y  from t h e  d i s s o c i a t i v e  photo ioniza t ion  of e thylene.  The 



-I- 
t h r e sho ld  f o r  C2H3 formation by tha t  process  l i e s  a t  8982, i . e .  252 

toward lower wavelengths. While t h e  app l i ed  s p e c t r a l  r e s o l u t i o n  excludes 

t h e  d i r e c t  admission of t h i s  r a d i a t i o n  t o  t h e  ion  chamber, r a d i a t i o n  of 

s h o r t e r  wavelengths may neve r the l e s s  be p re sen t  a s  s c a t t e r e d  l i g h t .  

+ 
The C H ion  sequence c o n s t i t u t e s  about  2 percent  of t h e  t o t a l  ion  

2 3 

i n t e n s i t y ,  and about 20 percent  of t h e  ace ty l ene  ion  i n t e n s i t y  i f  it i s  

counted f u l l y  a s  being due t o  r e a c t i o n  (16). The r a t i o  of ace ty l ene  

+ + 
t o  e thylene  ions  thus  produced by photo ioniza t ion  i s  R = ( c ~ H ~ ) ~ / ( c ~ H ~ ) ~  = 

0.14, i f  t h e  M27 sequence i s  added t o  t h a t  of M26, and R = 0.12 i f  i t  is  

not .  These r a t i o s  a r e  smal le r  than  those  found i n  o t h e r  s t u d i e s  of t h e  

photo ioniza t ion  of e thy lene  a t  923a, but  they  a r e  s t i l l  wi tb in  t h e  same 

o r d e r  of magnitude. From t h e  d a t a  of Bot te r ,  e t  a l .  (27) one ob ta ins  

R = 0.21, t h e  da t a  of Brehm (28) y i e l d  R = 0.16 and those  of Schoen ( 2 9 )  

R = 0.20. A po r t ion  of t h e  discrepancy may be due t o  t h e  varying e f f i c -  

i e n c i e s  of t h e  e l e c t r o n  m u l t i p l i e r  d e t e c t o r s  used i n  t h e s e  s t u d i e s .  From 

e l e c t r o n  impact i o n i z a t i o n  s t u d i e s  of i on  r e a c t i o n s  i n  e thylene  i t  has  

been concluded (26) t h a t  charge t r a n s f e r  of C~H;  t o  e thylene  produces some 

l o s s e s  of ace ty l ene  ions .  Since t h e  d a t a  obta ined  f o r  ace ty lene-e thylene  

mixtures  a t  10878 gave no evidence f d r  charge t r a n s f e r ,  and t h e  p r o b a b i l i t y  

f o r  t h i s  process  was shown t o  be l e s s  than 15 percent  of t h e  t o t a l  r e a c t i o n  

+ + 
p r o b a b i l i t y ,  t h e  e f f e c t  of charge t r a n s f e r  t o  t h e  (C H ) / ( c  H ) r a t i o  2 2 0  2 6 0  

must be s l i g h t .  

I f  t h e  r e a c t i o n s  ass igned  t o  t h e  ace ty l ene  ions  a r e  r e a c t i o n s  @) 

and 13.6 ), t h e  branching r a t i o  found f o r  r e a c t i o n  69 from t h e  photoion- 

+ + 
i z a t i o n  of e thylene  a t  923g i s  c ~ H ~ / c ~ H ~  = 2.1. This  agrees  w i t h i n  



experimental  e r r o r  w i th  t h e  r a t i o  found f o r  t h e  same r e a c t i o n  i n  a mixture 

+ + 
of ace ty l ene  and ethylene,  C H / C  H = 2.4, when t h e  photo ioniz ing  wave- 3 3  4 3  

l ength  was 10872. Because of t h e  con t r ibu t ion  of a  d i s s o c i a t i v e  photo- 

i o n i z a t i o n  process  t o  t h e  M27 ion  sequence when e thylene  i s  photoionized 

a t  10872, t h e  e f f i c i e n c y  of r e a c t i o n  (16) can only t o  est imated.  I f  

h a l f  of t h e  M27 sequence ion  i n t e n s i t y  i s  due t o  r e a c t i o n  (16))  i t s  r a t e  

is t e n  percent  of t h e  ra* reac t ion  (19, i. e. about  14 percent  of t h e  

+ 
C H i ons  r e a c t i n g  wi th  e thylene  y i e l d  C H 

4- 
2 2 2 3' 

Having ass igned  t h e  va r ious  products  t o  r e a c t i o n s  of e i t h e r  e thylene  

o r  ace ty l ene  ions  r e a c t i n g  wi th  ethylene,  t h e  a s s o c i a t e d  r e a c t i o n  r a t e  

c o e f f i c i e n t s  can be determined from t h e  decrease  of t h e  M28 and M26 ion  

i n t e n s i t i e s  when compared t o  t h e  t o t a l  ion  i n t e n s i t i e s  i n  t h e  corresponding 

ion  sequences. The abso lu t e  va lues  of t h e  r a t e  cons t an t s  thus  determined 

- 9 
a r e  k4+12 = 0.88 x cc/molecule sec.  , and li7+lg = 1 . 3 1  x 10 c c l  

molecule sec.  The former va lue  c o n s t i t u t e s  only 70 percent  of t h e  r a t e s  

c o e f f i c i e n t  f o r  e thylene  ions formed a t  10872. This  behavior i s  presum- 

a b l y  a s soc i a t ed  w i t h  exc i t ed  e thylene  ions  formed a t  9232. The l a t t e r  

r a t e  c o e f f i c i e n t  is  i n  e x c e l l e n t  agreement w i th  t h e  va lue  found f o r  

ace ty l ene  ions  formed a t  10872, and thus  i n d i c a t e s  t h a t ,  i n  accord wi th  

+ 
expec ta t ion ,  t h e  C H ion  formed from e thylene  a t  9232 i s  e s s e n t i a l l y  2 2 

i d e n t i c a l  w i th  t h a t  formed a t  10872 by t h e  photo ioniza t ion  of ace ty lene .  

Fu r the r  da t a  have been obta ined  f o r  r e a c t i o n s  of ace ty l ene  and e thylene  

ions  wi th  methane, and f o r  some r e a c t i o n s  involving methane ions .  These 

r e s u l t s  have not  been eva lua ted  and w i l l  be discussed i n  f u t u r e  r epo r t s .  



B. THEORETICAL STUDIES 

During t h e  c u r r e n t  q u a r t e r l y  r e p o r t i n g  per iod t h e  major theo-  

r e t i c a l  e f f o r t  ha s  been d i r e c t e d  i n  two a r e a s :  (1 )  an i n v e s t i g a t i o n  on t h e  

e l e c t r o n  impact e x c i t a t i o n  of t h e  dayglow, and (2) a  reassessment  on t h e  

presence  of carbon atoms i n  t h e  upper atmosphere of Venus. 

I n  each c a s e  t h e  s u b j e c t  mat te r  of t h e s e  i n v e s t i g a t i o n s  has  been 

submit ted f o r  pub l i ca t i on  i n  s c i e n t i f i c  journa ls .  S p e c i f i c a l l y  t h e  two 

papers  submit ted a r e  "Electron Impact E x c i t a t i o n  of  t h e  Dayglow," by A. 

Dalgarno, M. B. McElroy and A. E. Stewart ,  J o u r n a l  of Atmospheric Sciences,  

26, #4, 753 (1969), and "Carbon Atoms i n  t h e  Upper Atmosphere of  Venus," - 
by F. F. Marmo and A. Engelman, accepted f o r  pub l i ca t i on  i n  ICARUS. The 

r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  a r e  b r i e f l y  d i scussed  below. 

Calcu la t ions  a r e  descr ibed  of t h e  equi l ib r ium v e l o c i t y  

d i s t r i b u t i o n s  of t h e  photoe lec t rons  produced i n  t h e  "F" reg ion  by s o l a r  

i o n i z i n g  r a d i a t i o n .  De ta i l ed  e s t ima te s  a r e  presen ted  of t h e  i n t e n s i t i e s  

and a l t i t u d e  p r o f i l e s  of emission f e a t u r e s  of atomic oxygen, molecular 

n i t rogen ,  and molecular oxygen, appear ing  i n  t h e  dayglow a s  a  r e s u l t  of 

photoe lec t ron  impacts.  

The f a s t  photoe lec t rons ,  produced i n  t h e  upper atmosphere by t h e  ab- 

s o r p t i o n  of s o l a r  u l t r a v i o l e t  r a d i a t i o n  i n  i o n i z i n g  t r a n s i t i o n s ,  l o s e  

energy i n  c o l l i s i o n  processes  lead ing  t o  i o n i z a t i o n  and e x c i t a t i o n  of t h e  

n e u t r a l  p a r t i c l e s  and t o  hea t ing  of t h e  e l e c t r o n  and ion gases .  The 



e x c i t a t i o n  processes  produce a  s u b s t a n t i a l  component of t h e  dayglow lum- 

i n o s i t y  of t h e  upper atmosphere, t h e  observa t ion  and i n t e r p r e t a t i o n  of 

which can provide d e t a i l e d  information on t h e  d i s t r i b u t i o n  of energy 

sources  i n  t h e  daytime atmosphere. The p r e d i c t i o n  of t h e  i n t e n s i t i e s  of 

t h e  dayglow emission f e a t u r e s  i s  s i m i l a r  t o  t h e  c a l c u l a t i o n  of e l e c t r o n  

hea t ing  r a t e s ,  (30731) but  involves a  more d e t a i l e d  d e s c r i p t i o n  of t h e  in -  

d i v i d u a l  processes  t h a t  slow down t h e  photoe lec t rons  and a  more p r e c i s e  

c a l c u l a t i o n  of t h e  apportionment of t h e  a v a i l a b l e  energy among them. 

The c a l c u l a t i o n  of t h e  i n i t i a l  energy spectrum of t h e  photoe lec t rons ,  

which involves a  choice of model atmospheres, of absorp t ion  and photo- 

i o n i z a t i o n  c r o s s  s ec t ions ,  and of s o l a r  u l t r a v i o l e t  i n t e n s i t i e s ,  has been 

descr ibed  i n  d e t a i l .  (30,311 The p red ic t ed  in i t i a l  s p e c t r a  a t  va r ious  

a l t i t u d e s  f o r  a  s o l a r  z e n i t h  ang le  of 72 degrees and a  model atmosphere 

0 
w i t h  an  exospheric  temperature of 750 K a r e  shown i n  F igure  7 .  

The photoe lec t rons  l o s e  energy by e x c i t i n g  and ion iz ing  t h e  n e u t r a l  

p a r t i c l e  c o n s t i t u e n t s  of t h e  atmosphere and by e l a s t i c  c o l l i s i o n s  wi th  

t h e  ambient e l ec t rons .  (30) Many processes  c o n t r i b u t e  t o  t h e  energy 

degradat ion bu t  few of t h e  c ros s  s e c t i o n s  a r e  known wi th  p rec i s ion .  

For atomic oxygen, t h e  i o n i z a t i o n  c r o s s  s e c t i o n  has  been measured 

by F i t e  and Brackmann (32) and Rothe, e t  a l .  (33) t h e  c r o s s  s e c t i o n s  f o r  

populat ing t h e  upper l e v e l s  of t h e  green and red  l i n e s .  

3 1 
e f O ( P ) + e + O  ( D )  
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Fig. 7 .  Production rate of photoelectrons with initial energy greater 
than E as  a function of E for various altitudes. 



have been ca l cu la t ed  by Smith, e t  a l .  (34) and t h e  c ros s  s e c t i o n  f o r  pop- 

u l a t i n g  the  3s 3~ s t a t e  has been ca l cu la t ed  by S t a u f f e r  and McDowell. (35) 

For  molecular oxygen, t h e  i o n i z a t i o n  c ros s  s e c t  ion  has been measured 

by Tate  and Smith, (36) Craggs, e t  a l ,  (37) ~ampe ,  I e t  a 1  (38) F i t e  and 

Brackman, (32) Rapp and Englander-Golden, (39) Schram, e t  a l ,  (40) and 

Schram, e t  a l .  (41) The c ros s  s e c t i o n  f o r  simultaneous ion iza t ion  i n t o  

4 - + t h e  b C s t a t e  of 0 has  been measured by Stewart  and Gabathuler, (42) 
g 2 

Nishimura, (43'44) and Aar t s  and de Heer. (45) The c ros s  s e c t i o n  f o r  d i s -  

s o c i a t i v e  attachment has  been measured by Rapp and Br ig l i a ,  (46) and some 

cross-sec t ion  da t a  f o r  t h e  i n e l a s t i c  sca t te&g of e l ec t rons  wi th  energ ies  

between 4.5 eV and 12.5 eV have been obtained by Schulz and Dowel1 (47 

( see  a l s o  McGowan, e t  a l .  (48)).  Recently, Hake and Phelps (49) have a n a l -  

yzed energy l o s s  i n  0 t o  de r ive  a s e t  of i n e l a s t i c  c ros s  s e c t i o n s  wi th  
2 

t h re sho lds  a t  4 .4 eV, 5.0 eV, 8.0 eV, and 9.7 eV. The i n e l a s t i c  s c a t t e r -  

ing  of e l ec t rons  a t  energ ies  i n  t h e  reg ion  of 500 eV has been inves t iga t ed  

f o r  0 by Lasse t t r e ,  e t  a l .  
2 

(50) and Silverman and L a s s e t t r e .  (51) Su i t ab ly  

analyzed,  they can y i e l d  t h e  Born approximation t o  t h e  c ros s  s e c t i o n  a t  

o t h e r  impact energ ies ,  and t h e  Born approximation f o r  t h e  d i s s o c i a t i o n  of 

0 i n  t h e  Schumann-Runge continuum has been so  derived by Silverman and 2 

Lasse t t r e .  (51) 

The i o n i z a t i o n  c ros s  s ec t ion  f o r  N has  been measured by Tate  and 
2 

Lampe, e t  a l ,  (38) peterson,  (52) Rapp and Englander-Golden, (39) and 

Schram, e t  a l .  (40'41) The e x c i t a t i o n  func t ion  f o r  t h e  product ion of t h e  

f i r s t  nega t ive  system has  been measured by Stewart ,  (53) Sheridan, e t  a l ,  (54) 



Hayakawa and Nishimura, (55) Davidson and OINeil, (56) McConkey and Latimer, (57) 

McConkey, e t  a1, (58) Holland, (59) Sr ivas tava  and Mirza, (60) Nishimura (44) 

and Aarts,  e t  a l .  3 (61) The e x c i t a t i o n  funct ions  f o r  populating t h e  C II u 

s t a t e  of N t h e  upper l e v e l  of the  second p o s i t i v e  system, a r e  a l s o  
2' 

a v a i l a b l e  (Thieme, (62) Langstroth, (6 3, Herrmann, (64) Stewart and Gab- 

a t h u l e r  , (42) Kishko and ~ u c h i n k a ! ~ ~ '  Zapesochnyi and Kishka, (66) Fink 

and Welge, (67) Zapesochnyi and Skubenich, (68) Jobe, -3 et  a 1  (6 ') Burns, 

e t  a l .  (70)) ,  a s  a r e  those f o r  simultaneous e x c i t a t i o n  and ion iza t ion  t o  

2 
the  A II s t a t e  of N2, t h e  upper l e v e l  of the  f i r s t  p o s i t i v e  band system 

g 

(Williams, (71) Zapesochnyi and Skubenich (68)),  and f o r  populating t h e  

a 5 s t a t e ,  the  upper l e v e l  of t h e  Lyman-Birge-Hopfield band system. (72) 
g 

Cross sec t ions  f o r  t h e  e l ec t ron  impact d i s s o c i a t i o n  of N have been measured 
2 

by Winters. (73) Engelhardt,  e t  a 1  (74) have obtained an est imate of t h e  

cross  sec t ion  f o r  a t r a n s i t i o n  occurring near  6.7 eV, which probably 

3 3 + corresponds t o  e x c i t a t i o n s  of t h e  B II and A C s t a t e s .  
U 

(75) The c ross  
g 

sec t ions  measured by Zapesochnyi and ~ k u b e n i c h ' ~ ~ )  f o r  t h e  e x c i t a t i o n  of 

3 t he  B II s t a t e  a r e  large,  and we s h a l l  assume t h a t  d i r e c t  e x c i t a t i o n  t o  
g 

3 + 3 the  A C s t a t e  is  n e g l i g i b l e  compared wi th  cascading from t h e  B II s t a t e .  
U g 

3 + The A C s t a t e ,  which is t h e  upper l e v e l  of the  Vegard-Kaplan band system, 
U 

i s  the  lowest ly ing exci ted  e l e c t r o n i c  s t a t e  of N I t s  threshold  occurs 
2' 

The i n e l a s t i c  s c a t t e r i n g  of e l ec t rons  wi th  energies i n  t h e  region of 

500 eV has been inves t iga ted  by L a s s e t t r e  and Krasnow, (77) Silverman and 

Lasse t t re ,  (78) Geiger and S t i cke l ,  (79) ~ a s s e t t r e ,  e t  a l ,  (80) and Meyer 

and Lasse t t r e ;  (81) and Takayanagi and Takahashi (75) have derived from t h e  

high-veloci ty da ta  t h e  Born approximation t o  t h e  c ross  sec t ions  f o r  exci-  

1 1 
t a t i o n  of t h e  a II s t a t e ,  the  b II s t a t e ,  and a group of s t a t e s  of N2 

g u 
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1 
near 14 eV. The a s t a t e  i s  t h e  upper l e v e l  of t h e  Lyman-Birge-Hopfield 

g 
1 

band system, and t h e  b il s t a t e  i s  t h e  upper l e v e l  of t h e  Birge-Hopfield 
u 

and Janin  systems. 

Below 6 .5  eV, t h e  photoelectrons l o s e  energy through e x c i t a t i o n  of 

the  v i b r a t i o n a l  l e v e l s  of N a process t h a t  has been s tudied  experimentally 
2, 

by Haas, (82) Schulz, (83-85) Schulz and ~ o o n s ! ~ ~ )  Boness and Hasted, (87) 

and Andrick and Ehrhardt. (88) The experimental da ta  a r e  s a t i s f a c t o r i l y  

reproduced by t h e  model ca lcu la t ions  o f  Chen. (89) 

W e  have supplemented t h e  experimental da ta  by the  use of some simple 

r u l e s  r e l a t i n g  c ross  sec t ions  f o r  t r a n s i t i o n s  of s imi la r  kinds. Thus, we 

assume f o r  o p t i c a l l y  allowed t r a n s i t i o n s  t h a t  t h e  c ross  sec t ions  have the  

same shape a s  a funct ion  of E/W, where E i s  t h e  e l ec t ron  energy and W is 

the  threshold energy, a s  t h a t  measured f o r  t h e  1s-2p i i ransi t ion of  atomic 

hydrogen and t o  have magnitudes Q given by max 

where f is  t h e  o p t i c a l  o s c i l l a t o r  s t r eng th  of t h e  t r a n s i t i o n .  For s t rong 

atomic t r a n s i t i o n s ,  t h e  cross  sec t ions  w i l l  usual ly  be accura te  t o  wi th in  

a f a c t o r  of two. (92) For t h e  cross  sec t ions  of t r a n s i t i o n s  involving a 

change i n  sp in  m u l t i p l i c i t y ,  we adopted f o r  t h e  appropr ia te  shape a s  a 

1 3  function of E/W t h a t  f o r  the  1 S-2 S t r a n s i t i o n  i n  helium(93) and we 

assumed t h a t  the  magnitudes a r e  given by 



For forbidden t r a n s i t i o n s  not  involving a change i n  sp in  m u l t i p l i c i t y ,  we 

assumed t h a t  the  c ross  sec t ions  have t h e  same shape a s  a funct ion  of E/W 

a s  t h a t  measured f o r  t h e  1s-2s t r a n s i t i o n  i n  atomic hydrogen (94) and we 

assumed (20) f o r  t h e  magnitudes. 

Some check on t h e  o p t i c a l l y  allowed t r a n s i t i o n s  is  provided by the  

requirement t h a t  a t  high e lec t ron  energies t h e  energy loss  r a t e  be given 

by t h e  Bethe formula 

where n is  t h e  number dens i ty  of the  cons t i tuen t  i, and I. i s  i t s  mean 
i 1 

exc i t a t ion  energy, which takes t h e  va lues  of 15.0 eV f o r  atomic hydrogen, 

42.3 eV f o r  helium, 82 eV f o r  ni trogen,  and 94 eV f o r  atomic and molecular 

oxygen. 

There a r e  no measurements f o r  the  atmospheric gases d t h e  d i s t r i b u -  

t i o n  of secondary e lec t rons  produced by ion iza t ion  by t h e  primary photo- 

e lec t rons ,  but  approximate t h e o r e t i c a l  values can be obtained from o p t i c a l  

(75,951 The photoionizat ion da ta  by use  of the  Bethe d ipo le  approximation. 

slow secondaries l o s e  most of t h e i r  energy i n  t h e  e x c i t a t i o n  of t h e  v ib ra -  

t i o n a l  l e v e l s  of molecular n i t rogen and i n  e l a s t i c  c o l l i s i o n s  wi th  the  

ambient e l ec t ron  gas s o  t h a t  a gross r ep resen ta t ion  of t h e i r  d i s t r i b u t i o n  

s u f f i c e s  f o r  t h e  p red ic t ion  of most of t h e  dayglow emission fea tu res .  We 

assume t h a t  e l ec t rons  wi th  energies g r e a t e r  than 68 eV produce on ion-pair  

f o r  every 34 eV of energy, t h a t  those wi th  energies  between 68 eV and 25 eV 

produce one ion-pair ,  and t h a t  t h e  secondary e lec t rons  a f t e r  completion 

of t h e  ioniz ing events have a Maxwellian v e l o c i t y  d i s t r i b u t i o n  charac ter ized  

by a temperature equivalent  t o  a mean energy of 5 eV. 
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Secondary e lec t rons  a r e  a l s o  produced by the  r a d i a t i v e  emission of 

u l t r a v i o l e t  photons from exci ted  s t a t e s ,  populated by photoionizat ion and 

by e lec t ron  impact. These sources can be included s t ra ight forwardly .  

Although the  accuracy of t h e  c ross  sec t ions  adopted f o r  any s p e c i f i c  

c o l l i s i o n  process may no t  be high, t h e  c o l l e c t i o n  of cross-sec t ion  data  

should descr ibe  adequately the  o v e r a l l  e f f i c i ency  of energy l o s s  a s  a 

function of energy and y i e l d  a s a t i s f a c t o r y  rep resen ta t ion  of t h e  equi- 

l ibrium v e l o c i t y  d i s t r i b u t i o n  of t h e  photoelectrons. 

The energy loss  funct ions  o r  s topping cross  sec t ions ,  

a r e  i l l u s t r a t e d  i n  Figure  8 f o r  molecular ni trogen,  molecular oxygen, 

atomic oxygen, and helium, the  helium values being based on the  measure- 

ments of Smith, (") Maier-Leibnitz, (97) and Schulz and Fox. (93) The 

loss  funct ions  f o r  N2 and 0 a r e  about a f a c t o r  of two l a r g e r  than those  2 

computed by Green and Barth, (98) and t h e  loss  funct ion  f o r  0 i s  about 50 

percent la rger .  Green and Barth do not  include helium a s  a cons t i tuen t .  

The d i f fe rences  a f f o r d  a measure of t h e  u n c e r t a i n t i e s  i n  the  ca lcu la t ion  

of energy l o s s  r a t e s .  

An energy l o s s  funct ion  f o r  the  atmosphere a t  any given a l t i t u d e  can 

be defined by 
\- 
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t h e  summation inc lud ing  t h e  c o n t r i b u t i o n  t o  energy l o s s  a r i s i n g  from 

e l a s t i c  c o l l i s i o n s  w i t h  t h e  thermal  e l e c t r o n  gas .  The q u a n t i t y  L (E) 

v a r i e s  slowly w i t h  a l t i t u d e  except a t  ene rg i e s  below about  20 eV, a s  i s  

c l e a r  from t h e  s i m i l a r  shapes a t  ene rg i e s  above 20 eV of  t h e  i n d i v i d u a l  

l o s s  func t ions .  

Suppose t h e r e  are f(E)dE photoe lec t rons  per  u n i t  volume wi th  ene rg i e s  

l y i n g  between E and E ;t- dE. Then i n  equ i l i b r ium t h e  r a t e  a t  which t h e  

photoe lec t rons  l e a v e  t h e  energy i n t e r v a l  E, E + dE equa ls  t h e  r a t e  a t  

which they e n t e r .  It fo l lows  t h a t  i f  p i s  t h e  r a t e  of product ion of 
j 

e l e c t r o n s  of energy E and we assume t h a t  energy l o s s  i s  a continuous 
j 

func t ion  of E, C 
E .>E -3 

f  (E) = 
\- 

evml cm , 

where v i s  t h e  e l e c t r o n  v e l o c i t y  corresponding t o  an  energy E. The assump- 

t i o n  of continuous energy l o s s  becomes inadequate  a t  low energ ies .  Recent 

c a l c u l a t i o n s  by Stewart  (") suggest  t h a t  dayglow i n t e n s i t i e s  p r ed i c t ed  on 

t h e  b a s i s  of cont inuous energy l o s s  may be t oo  h igh  by a f a c t o r  of  up t o  

two, i f  t h e  process  lead ing  t o  t h e  emission has  a t h r e sho ld  energy of only 

a few eV. 

Formula 24 a l s o  assumed t h a t  t h e  photoe lec t rons  a r e  absorbed l o c a l l y .  

The assumption i s  s a t i s f a c t o r y  a t  a l t i t u d e s  below 250 km, where most of 

t h e  dayglow emissions occur,  but  it  leads  t o  overes t imates  of t h e  i n t en -  

s i t i e s  a t  h ighe r  a l t i t u d e s .  



The ca lcu la ted  equil ibrium photoelectron f luxes  vf(E) of t h e  photo- 

e lec t rons  a r e  i l l u s t r a t e d  i n  Figure  9 a s  a funct ion  of energy a t  var ious  

a l t i t u d e s .  They a r e  q u a l i t a t i v e l y  s i m i l a r  t o  t h e  r e s u l t s  of some l e s s  

d e t a i l e d  ca lcu la t ions  by Hoegy, e ta l .  (loo) The minimum, occurring near  

2,5 eV a t  low a l t i t u d e s ,  r e f l e c t s  t h e  e f f i c i ency  of v i b r a t i o n a l  exc i t a -  

t i o n  of N The minimum i s  followed by a broader maximum between 3.5 eV 
2" 

and 5 eV where the  energy loss  is  mainly due t o  t h e  e x c i t a t i o n  of meta- 

s t a b l e  s t a t e s  of oxygen. A t  a l t i t u d e s  above 200 km, e l a s t i c  c o l l i s i o n s  

with t h e  ambient e l ec t rons  a r e  t h e  dominant energy-loss mechanism a t  low 

energies and t h e  low-energy s t r u c t u r e  disappears. 

I f  o. (E lm) i s  t h e  c ross  sec t ion  f o r  exc i t ing  l e v e l  m of cons t i tuen t  i, 
1 

the  r a t e  of population of l e v e l  m by e lec t ron  impact, q(ilm), is  given by 

To (25) must be added contr ibut ions  from secondary e lec t rons  and from 

cascading from higher l eve l s .  

The inc lus ion of energy losses  t o  ambient e l ec t rons  i n  t h e  expression 

(23) f o r  t h e  loss  funct ion  a f f e c t s  t h e  a l t i t u d e  dependence of q(ilm) above 

about 225 km. A t  high a l t i t u d e s  t h e  photoelectrons a r e  produced mainly 

from atomic oxygen and l o s e  t h e i r  energy t o  atomic oxygen and t h e  e l ec t ron  

gas. I f  t h e i r  energy is  g rea te r  than the  c r i t i c a l  energy E above which c y  

the  most e f f i c i e n t  cooling process is i n e l a s t i c  c o l l i s i o n s  with atomic 

oxygen and below which i t  i s  e l a s t i c  c o l l i s i o n s  wi th  ambient e l ec t rons  (101) 

the  v e l o c i t y  d i s t r i b u t i o n  f (E) v a r i e s  only slowly wi th  a l t i t u d e  s ince  

both t h e  numerator and t h e  denominator i n  Equation (24) vary a s  t h e  atomic- 





oxygen dens i ty ;  i f  t h e i r  energy i s  l e s s  than E f ( E )  v a r i e s  a s  n(0)/ne,  c' 

s i n c e  i n  t h i s  case ,  t h e  denominator v a r i e s  a s  t h e  e l e c t r o n  dens i ty .  Hence, 

i f  t h e  major c o n t r i b u t i o n  t o  q ( i  lm) comes from photoe lec t rons  wi th  ener-  

g i e s  g r e a t e r  than E , q ( i  lm) w i l l  be roughly p ropor t iona l  t o  ni;  whi le  
C 

i f  i t  comes from ene rg ie s  l e s s  than E , q ( i  lm) w i l l  be  roughly p ropor t iona l  
C 

t o  ni n(0)/ne. The dev ia t ion  from p r o p o r t i o n a l i t y  t o  n i s  most no t i ceab le  
i 

f o r  low-lying and metas tab le  s t a t e s ,  a s  can be seen  from Figures  10, 13, 

and 14. 

Atomic Oxygen X 1302-13062. The resonance t r i p l e t  of atomic oxygen, 

(2p3 3s 3 ~ 0 )  + (2p4 3p) + hv 

c o n s i s t s  of t h r e e  l i n e s  a t  1302, 1304, and 13062. We f i n d  t h a t  f o r  a  

s o l a r  ang le  of 72 degrees,  t h e  r a r e  of populat ion of t h e  3 ~ 0  l e v e l  by 

-3 - 1 photoe lec t rons  reaches  a  maximum of 250 cm s e c  a t  a n  a l t i t u d e  of 175 km. 

The d e t a i l e d  p r o f i l e  i s  presented i n  F igure  10. The t o t a l  z e n i t h  product ion 

9 -2 -1 
r a t e  above 120 Bm is  2.8 x 10 cm s e c  . The va lues  a r e  comparable t o  

those  obtained for  a n  overhead sun by Thomatsu ( lo2 )  and Green and Barth.  (98) 

(103-109) Thee- The 13042 t r i p l e t  has  been observed i n  t h e  dayglow . 
r e t i c a l  i n t e r p r e t a t i o n s  of t h e  a l t i t u d e  p r o f i l e s ,  based upon resonant  

s c a t t e r i n g  of s u n l i g h t ,  appeared t o  demand an  a d d i t i o n a l  source of r a d i a t i o n  

near  200 km. 
(102,104,110) 

There a r e  s e v e r a l  u n c e r t a i n t i e s  i n  t h e  o r i g i n a l  

i n t e r p r e t a t i o n  and t h e  p o s i t i o n  remains obscure. (111-113) 
However, it is 

c l e a r  t h a t  photoe lec t ron  impact i s  a  major a d d i t i o n a l  source t h a t  must 

be included i n  t h e  t h e o r e t i c a  1 a n a l y s i s .  



ALTITUDE, km 

Fig .  10 Rates  of population of excited s t a t e s  of a tomic oxygen a s  functions 
of altitude. The dashed l ine i s  proportional  to the atomic-oxygen density.  



Donahue and F a s t i e ( l o 4 )  and F a s t i e ,  e t  a l .  (106) 

have observed a  dayglow f e a t u r e  a t  13568, which they i d e n t i f y  a s  a  f o r -  

bidden l i n e  of atomic oxygen a r i s i n g  from t h e  t r a n s i t i o n  

(2p3 3~ 5s0) -+ (2p4 3p) + hv. 

Donahue ('I2) concluded t h a t  a  l o c a l  e x c i t a t i o n  source  must be invoked, and 

photoe lec t ron  impact is  an  obvious p o s s i b i l i t y .  (Io2' ' lo) The predic ted  

e x c i t a t i o n  r a t e  i s  shown i n  F igure  10. 

3  
The (2p 3 ~ ) ~ s ;  l e v e l  decays by spontaneous emission t o  t h e  ground 

3~ s t a t e  producing a  photon a t  13568, and t o  t h e  metas tab le  'D s t a t e  pro- 

ducing a  photon a t  17288. The r a d i a t i v e  p r o b a b i l i t y  f o r  t h e  3 ~ 1 - 5 ~ 2  t r a n -  

- 3 
s i t i o n  is  390 s e c  f o r  t h e  P ~ - ~ s ~  it is 1300 sec'l, and f o r  t h e  

2  
('14) Deac t iva t ion  is  un l ike ly  t o  a f f e c t  t h e  emission 1 ~ 2 - 5 ~  i t  i s  2  s e c  . 

of 13568 and t h e  emission r a t e  of 13568 photons w i l l  be e f f e c t i v e l y  iden- 

t i c a l  t o  t h e  product ion r a t e  i n  F igure  10. 

The observed f l u x  i s  a f f e c t e d  by absorp t ion  by molecular oxygen. 

F igu re  11 i l l u s t r a t e s  t h e  overhead f l u x  a s  a  f u n c t i m  of a l t i t u d e ,  with 

and without  t h e  i n c l u s i o n  of molecular oxygen absorp t ion ,  and on t h e  

assumption t h a t  t h e  atmosphere i s  o p t i c a l l y  t h i n  t o  resonance absorp t ion  

by atomic oxygen. The o p t i c a l  depth reaches  u n i t y  a t  a n  a l t i t u d e  of about 

120 km s o  t h a t  t h e r e  is  some unce r t a in ty  i n  t h e  p red ic t ed  emission pro- 

f i l e  a t  t h e  lowest a l t i t u d e s .  The obse rva t iona l  da t a ,  included i n  F igure  11 

a r e  i n  s u b s t a n t i a l  agreement wi th  t h e  t h e o r e t i c a l  p red ic t ions .  The 3-0 

Lyman-Birge-Hopfield band of N2 is loca ted  i n  t h e  reg ion  of 13548, and 

i t  i s  included i n  t h e  observa t ions .  Our c a l c u l a t i o n s  i n d i c a t e  t h a t  i t  

c o n t r i b u t e s  5  percent  of t h e  observed i n t e n s i t y .  



ALTITUDE, km 

Fig.ll  . Overhead intensity of the X 1356 emission of atomic oxygen a s  
a function of altitude. The upper branch of the solid curve represents  the 
intensity in the absence of absorption by molecular oxygen, and the lower 
branch the intensity with this absorption included. The dashed curve is  the 
observational data of Fas t ie  et  al. ( R e f .  106) 



Green and ~art i" '  pred ic ted  a  much g r e a t e r  i n t e n s i t y ,  owing t o  t h e  

adoption of a c r o s s  s e c t i o n  f o r  t h e  e x c i t a t i o n  process  t h a t  remains l a r g e  

over a n  extended energy range. 

3 3  . The (2p 3p) P s t a t e  of atomic oxygen decays 

3  3 0  by a n  allowed t r a n s i t i o n  t o  t h e  (2p 3 s )  S s t a t e ,  emi t t i ng  a  photon a t  

84468. It i s  a  f a m i l i a r  f e a t u r e  of a u r o r a l  spec t r a .  The p red ic t ed  a l t i -  

t ude  p r o f i l e  i s  i l l u s t r a t e d  i n  F igure  10 and t h e  overhead i n t e n s i t y  f l u x  

i n  F igu re  12. 

The dayglow emission w i l l  be augmented by f luorescence  of s o l a r  Lyman 

3  3  p, which can be absorbed by atomic oxygen i n t o  t h e  (2p 3d D) s t a t e .  The 

3~ s t a t e  then  r a d i a t e s  a  photon a t  11,3408 i n  a  t r a n s i t i o n  te rmina t ing  

a t  t h e  upper l e v e l  of t h e  84468 l i ne .  The mechanism has been examined 

q u a n t i t a t i v e l y  by Shklovski i  ('I5) and Brandt. ('16) Adopting a  Lyman p 
9 -2 -1 (117) 

f l u x  of 2  x  10 photons cm s e c  , and appropr i a t e ly  modifying 

Brandt ' s  arguments, it appears  t h a t  only 50 Rayleighs of 84462 r a d i a t i o n  

w i l l  a r i s e  from t h e  Lyman p source.  

. The i n f r a r e d  l i n e  of atomic oxygen a t  77742 

3  5 3  5  
a r i s i n g  from t h e  (2p 3p P) - (2p 3s  S) t r a n s i t i o n  i s  a l s o  a  f a m i l i a r  f e a t u r e  

of a u r o r a l  spec t r a .  With our  assumptions about  c ros s  s ec t ions ,  t h e  emission 

i n t e n s i t y  of 77742 i s  comparable wi th  t h a t  of 84462 and t h e  a l t i t u d e  

p r o f i l e s  a r e  e s s e n t i a l l y  i d e n t i c a l .  

. Atomic oxygen has  a  resonance l i n e  a t  10262 

3  3 0  
a r i s i n g  from t h e  (2p 3d D ) - (2p4 3 ~ )  t r a n s i t i o n .  The atmosphere i s  

o p t i c a l l y  t h i c k  i n  1026a and a  s u b s t a n t i a l  con t r ibu t ion  t o  t h e  populat ion 



ALTITUDE, krn 

Fig .  12 Overhead intensity of the X 8446 emi s s ion  of a tomic oxygen a s  
a function of altitude. 



of t h e  upper l e v e l  w i l l  r e s u l t  from resonant  s c a t t e r i n g ,  The r a t e  of pop- 

3  3 0  u l a t i o n  of  t h e  2p 3d D s t a t e  by photoe lec t ron  impact i s  small .  I t s  

a l t i t u d e  p r o f i l e  i s  i l l u s t r a t e d  i n  F igu re  10, The s t a t e  can decay by 

r a d i a t i n g  a l s o  a t  11,3402. 

le t  l i n e s .  There a r e  o t h e r  l i n e s  of ---- 
atomic oxygen t h a t  should appear i n  t h e  u l t r a v i o l e t  dayglow. I n  p a r t i c u -  

3  l o  l a r ,  a  l i n e  a t  1 1 5 g  due t o  0 (2p 3s  D ) - 0 (2p4 ID) should be  s i m i l a r  i n  

3  3 0  p r o f i l e  t o  1356a bu t  less in t ense ,  and a  l i n e  a t  98912 due t o  0 (2p 3s  D ) - 
0 (2p4 %) should be  s i m i l a r  t o  13042 i n  p r o f i l e  bu t  l e s s  intens.. E s t i m -  

a t e s  f o r  a n  overhead sun have been g iven  by Green and Barth. C)8) The 

dayglow a t  9898 . w i l l  be modified by resonance s c a t t e r i n g .  

Atomic oxygen 1 557712. The photoe lec t ron  impact c o n t r i b u t i o n  t o  t h e  

popula t ion  of t h e  'S l e v e l  of atomic oxygen i s  shown i n  F igu re  13. Other 

e x c i t a t i o n  processes  occur  ('18' 'I9) bu t  a d e t a i l e d  a n a l y s i s  of  obse rva t iona l  

d a t a  c a r r i e d  ou t  by Wallace and McElroy (120) e s t a b l i s h e d  t h a t  photoe lec t ron  

impact is a  major source  a t  h igh  a l t i t u d e s .  

1 
The S l e v e l  a l s o  decays by emi t t i ng  photons a t  297& and a t  2958g. 

The i n t e n s i t i e s  w i l l  be 6 percent  of t h a t  of t h e  green l i n e  a t  557712. 

. The photoe lec t ron  impact c o n t r i b u t i o n  t o  t h e  

popula t ion  of t h e  'D l e v e l  of a tomic oxygen is  shown i n  F igure  13. The 

emission of t h e  r e d  l i n e  i n  t h e  dayglow has  been t h e  s u b j e c t  of much d i s -  

cuss ion .  Analys i s  by Noxon (12') and Dalgarno and Walker showed t h a t  

1 
t h e  D l e v e l  must undergo seve re  d e a c t i v a t i o n ,  and they argued t h a t  a  
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1 
F ig .  13. Ra tes  of population of the metas tab le  'D and S s ta tes  of a tomic  

oxygen as functions of altitude. The dashed l ine  i s  proportional  to the a tomic-  
oxygen density. 



h igh  a l t i t u d e  source i n  a d d i t i o n  t o  photodissoc ia t ion  and i o n i c  recombin- 

a t i o n  i s  requi red .  The photoe lec t ron  c o n t r i b u t i o n  t o  t h e  r e d - l i n e  emission 

has  been ca l cu la t ed  previous ly  by Wallace and McElroy (I2') and our r e -  

s u l t s  s e r v e  a s  a  confirmation of t h e i r  conclusions t h a t  photoe lec t ron  

impact i s  indeed a  major h igh  a l t i t u d e  source. I n  most circumstances,  

t h e  d i r e c t  impact con t r ibu t ion  by t h e  e n e r g e t i c  photoe lec t rons  w i l l  be  

much l a r g e r  than  t h e  c o n t r i b u t i o n  from thermal e x c i t a t i o n  by t h e  heated 

e l ec t rons ,  and t h e  enhancement of t h e  r ed  l i n e  by conjugate-point  photo- 

e l e c t r o n s  i s  produced d i r e c t l y  by impact e x c i t a t i o n  r a t h e r  than  i n d i r e c t l y  

by hea t ing  of t h e  ambient e l e c t r o n  gas. 

D i s soc i a t ive  e x c i t a t i o n  of  0 The d i s s o c i a t i v e  e x c i t a t i o n  of mol- 
-2. 

e c u l a r  oxygen by photon and e l e c t r o n  impact, which a r e  important low- 

1 
a l t i t u d e  sources of 0 ( D )  atoms, may a l s o  be abundant l ow-a l t i t ude  sources  

of more h igh ly  exc i t ed  oxygen atoms. Re l i ab l e  q u a n t i t a t i v e  e s t ima te s  a r e  

precluded by t h e  l ack  of information on t h e  c ros s  s ec t ions .  

' The product ion of N' molecules i n  t h e  
2' 2 

2  4- 
B C s t a t e  by photoe lec t ron  impact w i t h  N is  shown i n  F igure  14. The 

U 2  

product ion i s  smal l  compared w i t h  t h a t  from resonance s c a t t e r i n g  of s o l a r  

r a d i a t i o n  by N' molecules a t  h igh  a l t i t u d e s .  
2  

(120) A t  lower a l t i t u d e s ,  

where t h e  equ i l i b r ium d e n s i t y  of N' i s  small ,  t h e  major source i s  pro- 
2 

bably simultaneous e x c i t a t i o n  and ioniza t ionby s o l a r  r a d i a t i o n  absorbed 

i n  a  photoionizing t r a n s i t i o n .  
(30,123) 

3. 
The product ion of N molecules i n  

2 
2 

t h e  A E s t a t e  by photoe lec t ron  impact wi th  N i s  shown i n  F igure  14. 
g  2 



t 
Fig. 14. Rates of population of excited s tates  of N2 (curves 1-4  4 and 

N2 (curves 5 and 6 )  as  functions of altitude. Curve I ,  for  the A 3~ state ,  
includes the contribution f rom cascade f rom higher s ta tes .  The da2hed line 
i s  proportional to the N2 density. 



-3 - 1 The product ion r a t e  has a  va lue  of 80 cm s e c  a t  145 km, The luminosi ty  

p r o f i l e  and the  v i b r a t i o n a l  d i s t r i b u t i o n  w i l l  be modified by resonant  and 

f luo rescen t  s c a t t e r i n g  of s o l a r  r a d i a t i o n  by t h e  ambient N' molecules, by 
2  

simultaneous e x c i t a t i o n  and i o n i z a t i o n  of N i n  photo ioniz ing  t r a n s i t i o n s ,  
2  

and poss ib ly  by ion-molecule r e a t i o n s .  (123) 

of N2. The second p o s i t i v e  band 

system of N2 i s  of p a r t i c u l a r  i n t e r e s t  s i n c e  photoe lec t ron  impact is  t h e  

3  
only s i g n i f i c a n t  source of N (C \) molecules i n  t h e  atmosphere and i t s  2 

emission p r o f i l e  i s  unaf fec ted  by d e a c t i v a t i o n  processes .  The p red ic t ed  

r a t e  of popula t ion  i s  shown i n  F igure  14 and t h e  overhead i n t e n s i t y  i n  

F igu re  15. The r e s u l t s  a r e  comparable wi th  those  of a n  e a r l i e r ,  more 

approximate c a l c u l a t i o n  by Nagy and Fournier .  (125) 

The p red ic t ed  v i b r a t i o n a l  d i s t r i b u t i o n ,  based upon t h e  c ros s - sec t ion  

d a t a  of Jobe, e t  a l ,  (69) i s  presented  i n  Table 3, a s  i s  t h e  t h e o r e t i c a l  

d i s t r i b u t i o n ,  based upon t h e  Franck-Condon f a c t o r s  t a b u l a t e d  by Nichol l s .  (126 

The c a l c u l a t e d  overhead i n t e n s i t y  of t h e  0-0 band a t  3 3 7 B  above 165 km 

i s  200 Rayleighs, i n  f a i r  accord wi th  t h e  measured va lue  of 400 Rayleighs. (124) 

2' 
The f i r s t  p o s i t i v e  band system 

3  3 + 
a r i s e s  from t h e  B - A C t r a n s i t i o n  i n  N It i s  populated by d i r e c t  

g  U 2' 

impact and by cascading, i t s  upper l e v e l  being t h e  lower l e v e l  of t h e  

second p o s i t i v e  system. The e x c i t a t i o n  func t ions  of Zapesochnyi and 

Skubenich (68) inc lude  t h e  cascading con t r ibu t ions ,  but  they do not  r e p o r t  

t h e  e x c i t a t i o n  func t ions  f o r  t h e  ind iv idua l  v i b r a t i o n a l  l e v e l s .  
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Fig. 15 Total ra tes  of population of excited states of N2 above a given 
altitude as  functions of that altitude. 



Table 3. Pred ic ted  vibrational  distr ibution of the second positive-band 
s y s t e m  of N2, expressed  a s  a percentage of the total emiss ion.  

a. Given by measu remen t s  of Jobe  e t  al.  (~ef. 69) 

b. Computed f r o m  Franck-  Condon f ac to r s  ( Ref. 126) 

c. Computed f r o m  the absorption osci l la tor  s t rengths  of Ching e t  al. (Ref. 128) 



The p red i c t ed  rate of  popula t ion  i s  shown i n  F igu re  14 and t h e  over- 

head i n t e g r a t e d  r a t e  of popula t ion  i n  F igure  15. The p r o f i l e  may be s i g -  

n i f i c a n t l y  modified by resonance s c a t t e r i n g  of s o l a r  r a d i a t i o n  by t h e  

3 4- metas tab le  A C  s t a t e .  (110) 
u  

The Vegard 
2' The Vegard-Kaplan band system 

1 f a r i s e s  from t h e  forb idden  A 3C: - X X t r a n s i t i o n  i n  N The major 
.!? 2' 

source  of popula t ion  is probably cascading i n  t h e  f i r s t  p o s i t i v e  system. 

The r a t e  of popula t ion  i s  i l l u s t r a t e d  i n  F igu re s  14 and 15. 

The emission p r o f i l e  i s  g r e a t l y  modified by d e a c t i v a t i o n .  Green and 

Barth (98) have i n v e s t i g a t e d  t h e  e f f e c t ,  u s ing  e l e c t r o n i c  d e a c t i v a t i o n  co- 

e f f i c i e n t s  and t r a n s i t i o n  p r o b a b i l i t i e s  l i s t e d  by Hunten and McElroy. (127) 

Because of v i b r a t i o n a l  in te rchange  processes  

t h e  suppress ion  o f  emission from t h e  h ighe r  v i b r a t i o n a l  l e v e l s  may be more 

s e v e r e  than  suggested by Green and Barth.  (98) 

2' The Lyman-Birge-Hopfield 

1 + 
band system a r i s e s  from t h e  a  'II - X Z  t r a n s i t i o n  i n  N which pro- 

g  g  2) 

ceeds through magnetic d i p o l e  and e l e c t r i c  quadrupole r a d i a t i o n .  The 

r a t e  of popula t ion  by e l e c t r o n  impact i s  i l l u s t r a t e d  i n  F igu re s  14 and 15. 

An a d d i t i o n a l  source  i s  provided by cascading from h ighe r  l e v e l s  and 

1 i n  p a r t i c u l a r  from t r a n s i t i o n s  o r i g i n a t i n g  i n  t h e  h  'C: and b  IIU s t a t e s .  

According t o  Green and Barth,  ( 9 8 )  t h e  t o t a l  i n t e n s i t y  may be  increased  by 

cascading by a f a c t o r  of nearby f i v e ,  whereas our c a l c u l a t i o n s  suggest  a n  

i n c r e a s e  of about  two. According t o  t h e  measurements of Holland, (72) t h e  

enhancement does n o t  exceed 40 percent  and may be a s  l i t t l e  a s  5 pe rcen t .  



Green and Barth remark t h a t  the  embion of t h e  Lyman-Birge-Hopfield 

system i s  unaffected by deact iva t ion ,  but  t h i s  may not  be the  case. The 

emission from the  higher v i b r a t i o n a l  l e v e l s  could be suppressed by a v ibra-  

t i o n a l  interchange process s imi la r  t o  t h a t  noted f o r  t h e  A 3.Z: s t a t e .  Without 

more p r e c i s e  data on v i b r a t i o n a l  deac t iva t ion  processes, t h e  p red ic t ion  of 

individual  band i n t e n s i t i e s  i s  sub jec t  t o  se r ious  uncer ta in ty .  

Other band systems. Other band systems w i l l  a l s o  appear i n  t h e  dayglow. 

There a r e  no measurements of t h e  c ross  sec t ions  f o r  t h e  e x c i t a t i o n  of t h e  

1 1 + 
b IT and h % s t a t e s  of N2, and the  predic ted  dayglow i n t e n s i t i e s  of 

u 

the  r e s u l t i n g  Birge-Hopfield, Janin ,  Watson-Koontz, and Herman-Gaydon band 

systems a r e  l a rge ly  a r b i t r a r y .  We f i n d  wi th  our assumed cross  sec t ions  a 

combined overhead i n t e n s i t y  of 2 k i lo ray le ighs  compared wi th  t h e  value of 

10 k i lo ray le ighs  ca lcu la ted  by Green and Barth (98) f o r  an overhead sun. 

3 
The a l t i t u d e  p r o f i l e s  a r e  s imi la r  t o  t h a t  f o r  t h e  C g s t a t e .  

S imi lar  u n c e r t a i n t i e s  a t t e n d  t h e  p red ic t ion  of t h e  i n t e n s i t i e s  of t h e  

f i r s t  and second negat ive  band systems of 0 We obta in  400 Rayleighs above 
2" 

120 km, about ha l f  t h e  i n t e n s i t y  above 120 km ca lcu la ted  by Green and Barth (98) 

f o r  an  overhead sun. The a l t i t u d e  p r o f i l e s  and i n t e n s i t i e s  i n  t h e  atmos- 

phere w i l l  be modified by fluorescence. 
(30,123) 

(2) Carbon Atoms i n  t h e  Upper Atmosphere of Venus 

The de tec t ion  of carbon atoms i n  t h e  upper atmosphere of 

Venus is  reported i n  t h e  present  note  which conta ins  the  r e s u l t s  of an 

ana lys i s  performed on low reso lu t ion  spec t ra  of t h e  p lanet  Venus measured 

by Moos, e t  a l .  (12') f o r  t h e  s p e c t r a l  region AX 1200-1900g. This experiment 



was performed i n  order  t o  observe t h e  12168 (Lyman-a) resonance l i n e  of 

atomic oxygen, and t h e  longer wavelength albedo of t h e  p l ane t  Venus. The 

s p e c t r a  were obta ined  by employing an  o b j e c t  prism t e l e scope  which oper-  

a t e d  from a n  a c c u r a t e l y  pointed Aerobee rocke t  p la t form a t  h igh  a l t i t u d e s  

i n  t h e  e a r t h ' s  atmosphere. The der ived  d a t a  p o i n t s  a r e  shown a s  open 

c i r c l e s  i n  F igu re  16 as ind ica t ed  i n  t h e  legend. Moos, e t  a l .  (129) 

i n t e r p r e t e d  t h e s e  spec t r a  i n  terms of a n  18 kR b r igh tnes s  s igna l  f o r  H I a s  

w e l l  a s  evidence f o r  t h e  ex i s t ence  of 0 I i n  t h e  upper atmosphere of Venus 

due t o  t h e  observed s p e c t r a l  f e a t u r e  around 1300a. Owing t o  t h e  presence 

of both s i g n i f i c a n t  background f l u c t u a t i o n s  a s  w e l l  a s  t h e  r e l a t i v e l y  

weak n a t u r e  of t h e  s i g n a l  involved, Moos, e t  a l .  (I2') were a b l e  only t o  

present  a  crude e s t ima te  of between 2 t o  20 kR f o r  t h e  s i g n a l  b r igh tnes s  

of t h i s  0 I s p e c t r a l  f e a t u r e .  However, t h e  nominal ass igned  va lue  of 11 kR (129) 

has  been adopted f o r  t h e  purposes of t h e  p re sen t  a n a l y s i s .  F i n a l l y ,  i t  

was concluded by Moos, et a l .  (129) t h a t  a n  anomalously h igh  albedo of about  

l o m 3  is  ind ica t ed  by t h e  longer wavelength da t a .  However, owing both t o  

t h e  r e l a t i v e l y  poor r e s o l u t i o n  i n  t h i s  s p e c t r a l  reg ion  and s e v e r a l  exper i -  

mental d i f f i c u l t i e s ,  no s a t i s f a c t o r y  explana t ion  was presented f o r  t h i s  

emission f e a t u r e .  (129) 

I n  t h e  p re sen t  i nves t iga t ion ,  a  r e i n t e r p r e t a t i o n  of t h e  publ ished 

s p e c t r a  over t h e  wavelength reg ion  XX 1600-19008 i s  presented i n  an  a t tempt  

t o  i d e n t i f y  emission f e a t u r e s  c o n s i s t e n t  wi th  t h e  published observa t ions .  

For t h i s  purpose, t h r e e  log ica l  sources of emission f o r  a  so l a r - i l l umina ted  

Venus atmosphere were considered: (a )  Rayleigh s c a t t e r i n g ,  (b) resonance- 

f luorescence  from photochemically produced C 0 ,  ( c )  resonance emission from 

n e u t r a l  carbon atoms a t  1560 and 1657a. I n  each case, t h e o r e t i c a l  e s t ima te s  

were made of t h e  s p e c t r a l  c h a r a c t e r i s t i c s  and s i g n a l  b r igh tnes s  va lues  



per t inen t  t o  t h e  indica ted  experimental condit ions.  These data were then 

employed a s  input  parameters f o r  the  generat ion of syn the t i c  spect ra  pre- 

d ica ted  on t h e  a v a i l a b l e  instrumentat ion c h a r a c t e r i s t i c s .  Cogent compar- 

i son between the  t h e o r e t i c a l  and observed spec t ra  i n d i c a t e  t h a t  t h e  longer 

wavelength data  can be explained s a t i s f a c t o r i l y  by t h e  presence of a  

14 kR C I s i g n a l  a t  16578. 

The syn the t i c  spectrum generated by employing an 18 kR H I s igna l ,  an  

11 kR 13048 s igna l ,  a s  w e l l  a s  Rayleigh s c a t t e r i n g  from a s o l a r  i l luminated 

CO atmosphere 
2 

(130) is  i l l u s t r a t e d  i n  curve 1 of Figure 16. These r e s u l t s  

demonstrate t h a t  the  generated syn the t i c  spectrum indeed dup l i ca tes  the  

observed H I and 0 I f e a t u r e s  s a t i s f a c t o r i l y .  I n  add i t ion  t h e  requi re-  

ment t o  i d e n t i f y  and addi t ional longer  wavelength emission f e a t u r e  is  a l s o  

emphasized. Photochemical equil ibrium ca lcu la t ions  demonstrate (130) t h a t  

t h e  photodecomposition of a  predominantly CO atmosphere ( i .e .  Venus and 
2 

Mars) would r e s u l t  i n  t h e  generat ion of both an o p t i c a l l y  t h i c k  CO s i t -  

uat ion  a s  w e l l  a s  t h e  presence of C I i n  the  upper atmosphere of these  

planets .  In  t h i s  regard, ca lcu la t ions  were performed (130) i n  order  t o  

der ive  es t imates  f o r  t h e  br ightness  values of the  individual  bands i n  t h e  

Fourth P o s i t i v e  system of CO. It has been shown (13') t h a t  t h e  most in tense  

f luorescence bands r e s i d e  i n  t h e  s p e c t r a l  region hX 1500-1800g wherein 

upper l i m i t  b r ightness  va lues  of between 100 t o  300 Rayleighslband obta in .  (131) 

The contr ibut ion  from t h i s  source is  shown by the  syn the t i c  spectrum 

labe l l ed  curve 2 wherein i t  is  evident ,  t h a t  even f o r  t h i s  upper l i m i t  

case, the  ca lcu la ted  br ightness  values a r e  not  s u f f i c i e n t  t o  explain the  

observations. 

I n  add i t ion  t o  photodissociat ion,  a  number of o ther  processes can 

con t r ibu te  t o  the  production of n e u t r a l  carbon atoms i n  the  upper atmosphere 

6 0 



of Venus inc luding  d i s s o c i a t i v e  recombination involving CO+, predissoc-  
-1, 

i a t i o n  of CO , photoe lec t ron  and/or  proton impact processes ,  e t c .  

Addi t iona l ly ,  C I possesses  resonance l i n e s  a t  1560 and 16572 where t h e  

p e r t i n e n t  s o l a r  f l uxes  a r e  1 .9  x 10" photons/cm2 s e c  and 8 . 0  x 10 
10 

2 
photonslcm sec ,  r e spec t ive ly .  For t h e  case  of C I, q u a n t i t a t i v e  

c a l c u l a t i o n s  could not  be  performed owing t o  t h e  lack  of r e l e v a n t  da ta .  

Ins tead ,  a  curve f i t t i n g  procedure was adopted wherein a  number of syn- 

t h e t i c  spec t r a  were generated by a d j u s t i n g  both  t h e  abso lu t e  and t h e  

r e l a t i v e  b r igh tnes s  va lues  of t h e  two resonance l i n e s  of C I. It was con- 

cluded t h a t  t h e  optimum da ta  f i t  shown a s  curve 3 i n  F igure  16 was achieved 

by invoking a  14 kR 16572 s i g n a l  wherein t h e  c o n t r i b u t i o n  from t h e  15602 

f e a t u r e  could be ignored. This  i s  not  Coo s u r p r i s i n g  i n  view of t h e  

f a c t  t h a t  t h e  f  -values a r e  0 . 1  and 0.09 f o r  1657 and 15602, r e s p e c t i v e l y .  (133) 
i k  

However, i t  should be s t r e s s e d  t h a t ,  even f o r  equal  con t r ibu t ions  of t h e  

two l i n e s ,  t h e  r e s u l t a n t  s y n t h e t i c  spectrum would r e s i d e  wi th in  t h e  ob- 

served e r r o r  ba r s  shown i n  F igure  16. F i n a l l y ,  it is  appropr i a t e  a t  t h i s  

po in t  t o  re-emphasize t h a t  t h e  C I va lues  quoted above were derived on t h e  

b a s i s  of a  nominal va lue  of 11 kR f o r  t h e  0 I f e a t u r e ,  t h e  abso lu t e  va lue  

of which l i e s  between 2 and 20 kR. (I2') A s  such, a  corresponding uncer- 

t a i n t y  f o r  t h e  deduced C I va lues  a l s o  obta in .  

On t h e  b a s i s  of t h e  r e s u l t s  of t h e  above a n a l y s i s ,  it i s  suggested 

t h a t  t h e  rocke t  experiment be repea ted  wherein optimum r e s o l u t i o n  is 

sought f o r  t h e  s p e c t r a l  reg ion  XX > 15002. It i s  p red ic t ed  t h a t  t h e  C I 

l i n e s  would indeed be more evident  i n  t h e  observed spectrum. Furthermore 

i f  t h e  s e n s i t i v i t y  was increased  i n  a d d i t i o n ,  then  t h e  s t ronge r  members 

of t h e  60 Fourth P o s i t i v e  band system would a l s o  be observed. En t h i s  



regard ,  i t  c l e a r l y  fo l lows  t h a t  c u r r e n t  s t a t e - o f - t h e - a r t  scanning spec t ro -  

meters ,  which a r e  operated i n  a  p l ane t a ry  f ly -by  mode possess  s u f f i c -  

i e n t  s e n s i t i v i t y  and h igh  r e s o l u t i o n  t o  confirm t h e  above specu la t i ons .  

S p e c i f i c a l l y ,  t h e  presence of t h e s e  f e a t u r e s  should const i tute  t h e  s u b j e c t  

mat te r  of a n  i n t e r e s t i n g  s tudy of t h e  Mariner 6  and 7  experimental  obser -  

v a t i o n s  performed a long  t h e  p l ane t a ry  limb of Mars. However, due t o  t h e  

s u b s t a n t i a l  dec rease  i n  t h e  s o l a r  f l u x  between Venus and Mars, t h e  r e s u l t -  

a n t  s i g n a l  i n t e n s i t i e s  would be  reduced by more than  a  f a c t o r  of 10 owing 

t o  t h e  convolu t ion  of a  lower product ion r a t e  a s  w e l l  a s  a  reduced reson-  

ance- f luorescence  e f f i c i e n c y .  F i n a l l y ,  i t  i s  of some importance t o  n o t e  

t h a t  t h e  remaining disagreements between t h e  s y n t h e t i c  and t h e o r e t i c a l  

s p e c t r a  i n  t h e  v i c i n i t i e s  of 1250 and 1360g i n  F igu re  16 can be  explained 

by con jec tu r ing  on t h e  presence of C I emissions a t  1261, 1277 and 12802 

and t h e  well-known 0 I emission a t  13562, r e s p e c t i v e l y .  



111. 
THROUGH 30 AUGUST 1969 

I n  compliance wi th  t h e  requirements of t h e  s u b j e c t  c o n t r a c t ,  t h e  

fol lowing i s  an  i n t e g r a t e d  t a b u l a t i o n  of t o t a l  hours worked by labor  c a t -  

egory and grade. 

Labor Category Labor Grade T o t a l  Hours 

*Junior Technician 2 7 2 

q e c h n i c i a n  
Experimental Machinist  

*Senior Technician 
Senior  Experimenta 1 Machinis t  

*Junior S c i e n t i s t  
Jun io r  Engineer 

*Sc ien t i s t  
Engineer 

Senior  S c i e n t i s t  
Senior  Engineer 

S t a f f  S c i e n t i s t  

P r i n c i p a l  S c i e n t i s t  

Group S c i e n t i s t  
Group Engineer 

9:and o the r  equiva len t  ca t egor i e s  

Quar te r ly  t o t a l . .  . . . . . . . . . . , 981  
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